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ABSTRACT 

This study develops a preconceptual design for the integration between a large-scale high-temperature 

electrolysis facility and a nuclear power plant (NPP). Two hydrogen-facility sizes are considered: 100 MWnom and 

500 MWnom, where the subscript ñnomò refers to the nominal size of the high-temperature electrolysis facility 

(HTEF). Both steam-supply designs use cold-reheat steam extraction from the turbine system as a heat source. A 

brief comparison is also included for steam supply from main steam. In all cases, a reboiler inside the protected 

area of the power plant transfers steam heat to the demineralized water supply for the HTEF. After the heat 

transfer, the extracted steam condenses and returns to the condenser while the process steam routes out of the 

protected area to the HTEF. Electrical power is tapped off from the high-voltage side of the generator step-up 

(GSU) transformer, where it is then transported via a 345-kV transmission line to the HTEF. Circuit breakers and 

disconnects are located at both ends of the transmission line. Step-down transformers and miscellaneous 

switchgear/buses are located at the end of the transmission line inside the HTEF boundary. 

Computer modeling was performed for both thermal and electrical designs. The steady-state parameters for 

thermal power extraction from the turbine cycle were determined using PEPSE, which is a software program for 

analyzing the steady-state thermal-cycle performance of electric-generating plants. These parameters were used to 

inform transients and size equipment in combination with Applied Flow Technology (AFT) Arrow and AFT 

Fathom modeling for steam and water piping, respectively. Electrical transients were analyzed using PSCAD 

software. An electrical-transient analyzer program model was used to evaluate power flow and short circuit, 

which enabled the sizing of transformers and protective equipment. 

A cost estimate was developed for both integration designs for plant-separation distances of 250 and 500 m. 

From these estimates, the combined modifications for thermal and electrical interfacing of a first-of-a-kind 

nuclear-integrated hydrogen facility are anticipated to cost between $60ï250/kWnom. On a thermal power basis, 

the thermal power has an estimated cost of approximately $9/MWhth for a 500 MWnom HTEF located 500 m away 

from the NPP. That value decreases to approximately $8.3/MWhth for a 250 m separation distance between the 

HTEF and the NPP. This value is lower than previous estimates of the cost of heat extracted from NPPs primarily 

because in this work the steam is extracted from cold reheat instead of from the main steam line, which reduces 

the cost of the dispatched steam by approximately $3.5/MWhth. These estimates indicate the cost of heat 

contributes $0.06 for each kg of product hydrogen produced by an integrated PWR/HTEF system using this 

design. 

Nuclear steam extraction can provide a profit avenue for many plants and is not restricted to hydrogen 

production. Ammonia production, oil refining, and paper production, among other industrial processes, all require 

thermal energy, which can be provided by NPPs. Future work should look further at the details of thermal 

extraction for a variety of use cases. This can include increased levels of extraction and multiple simultaneous 

users. Additionally, site-specific studies should be performed to develop industry experience and improve cost 

accuracy. 
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EXECUTIVE SUMMARY 

Background  

The United States and countries around the world are seeking to reduce dependence on fossil fuels to achieve 

climate goals and ensure national energy security. Policy and economic incentives to reduce fossil-fuel 

consumption has led to a steady build out of intermittent wind and solar energy, resulting in excess clean 

generation during some daily hours and deficits of clean energy during other hours. Additional sources of clean-

energy storage or energy-generation flexibility are needed to balance daily, weekly, and monthly supply and 

demand of clean energy. The overlapping impact of the dominant clean-generating sources (variable renewables 

and baseload nuclear power) exacerbates this challenge during daily supply-and-demand cycles. 

Nuclear power has significant near-term potential to change its longstanding operational model by shifting 

production output away from electrical generation when renewable generation can meet grid demand. During 

these times, nuclear facilities can flexibly produce real-time usable or storable clean electrical and thermal power 

to assist in decarbonizing, not only the power grid, but also industry and transportation. Specifically, producing 

hydrogen by water electrolysis has the potential to favorably influence all these sectors as a storage medium and 

energy carrier for excess variable carbon-free generation. 

Selection of the Hydrogen Production Technolog y 

Promising technologies to produce clean hydrogen from water can be divided into electrochemical and 

electrothermal processes. Leading electrochemical processes include alkaline, proton-exchange membrane (PEM), 

and solid-oxide electrolysis cell (SOEC) systems. Leading thermochemical processes include the sodium-oxygen-

hydrogen (Na-O-H) cycle, copper-chlorine (Cu-Cl) cycle, and sulfur-iodine (S-I) cycle. Thermochemical cycles 

typically have high operating temperatures and require heat input at temperatures well above the operating 

temperature of pressurized water reactors (PWRs), so very high-temperature reactors (VHTRs) with outlet 

temperatures hotter than 650°C are preferred. 

SOEC systems, also known as high-temperature steam electrolysis (HTSE) systems, use high temperature 

rather than precious-metal catalysts to split water molecules. HTSE technology is less mature than alkaline and 

PEM technologies; however, multiple companies have announced facilities that can produce HTSE systems at 

scales greater than 500 MWDC/yr. HTSE systems need power in the forms of direct current (DC) electrical power 

and heat at approximately 150°C (302°F) to produce saturated steam. Using nuclear heat to generate steam for the 

HTSE process increases the efficiency of the process. The specific electric- and thermal-energy requirements for 

HTSE have been reported as 36.8 kWhe/kg-H2 and 6.4 kWhth/kg-H2, respectively, as summarized in Table S-1. 

The projected electric-specific energy consumption is well aligned with a value of 37.7 kWh/kg-H2 measured at 

Idaho National Laboratory (INL)  using a 100 kW Bloom Energy SOEC system. As shown in Table S-3 below, 

extracting heat from a nuclear power plant, reduces the electricity that the plant generates. Dispatching 6.4 kWhth 

from a PWR reduces electricity energy generation by approximately 1.4 kWhe, so the effective potential hydrogen 

production efficiency of an HTSE system using power from a PWR is approximately 38.4 kWhe/kg-H2, as 

indicated by the numbers in parenthesis in Table S-1. Note that the higher heating value of hydrogen is 39.4 

kWh/kg, so the effective efficiency of an HTSE system coupled to a PWR is 102% because the PWR provides 

6.4 kWhth/kg-H2 while only losing 1.4 kWhe of electricity generation per kilogram of product H2.  

Similar to PEM systems, HTSE systems show promising capabilities to flex their power consumption and 

hydrogen production over a time scale of seconds to minutes to allow coupled nuclear plants flexibility in 

dispatching power either to the power grid or to hydrogen production. 

In comparing the merits of using PWRs to provide power for leading electrochemical water-splitting 

technologies, it is helpful to compare the power requirements in terms of thermal power. Approximating the 

conversion efficiency of converting nuclear heat to electrical power by a PWR to be 33%, specific thermal energy 

requirements of alkaline, PEM, and HTSE systems are estimated to be 164ï230, 158, and 118 kWhth/kg-H2. The 

benefit of integrating HTSE hydrogen production with nuclear power is apparent. Compared to PEM electrolysis, 
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HTSE systems using nuclear power can produce 33% more hydrogen for the same nuclear thermal power. The 

final column of Table S-1 indicates potential benefits of using heat from high-temperature reactors for hydrogen 

production. Additional details can be found in Section 1.2.2. For HTSE, the improvements in hydrogen-

production efficiency are caused exclusively by the higher efficiency of converting nuclear heat to electricity. 

Table S-1. Efficiencies of leading hydrogen production technologies for the near-term time horizon. 

Hydrogen 

production 

technology 

Total system 

electricity input 

Total system thermal 

power input 

PWR input thermal 

power (ɖthŸe å 0.33) 

VHTR input thermal 

power (ɖthŸe å 0.46) 

kWhe/kg-H2 kWhth/kg-H2 kWhth/kg-H2 kWhth/kg-H2 

Alkaline 

(near-term) 
54ï70 0 164ï230 117ï165 

PEM (near-term) 52 0 158 113 

HTSE 

(near-term) 
37 (38.4) 6.4 (0) 118 86 

Na-O-H cyclea 20 (37) 40 (0) 111b 83 

Hybrid S-I cyclea 17 53 Not applicable 91 
a  Future projection for mid-term time horizon. 

b  Assumes the temperature of half of the heat load (20 kWhth/kg-H2) is raised from 290°C to ~500°C by a future advanced 

high-temperature heat pump with coefficient of performance of 2. The assumed heat pump may or may not be realized. 
 

Selection of a Representative Nuclear Power Plant  

As of the end of 2022, 68 of the 92 commercially operable U.S. nuclear power plant (NPP) units were PWRs. 

With such a significant portion of the NPP fleet employing this design, it is an appropriate choice for use as the 

representative reference plant for the preconceptual design. Additionally, the use of nonradioactive steam in the 

secondary system of a PWR makes PWRs the logical choice for an initial feasibility study. It is noted that a 

boiling-water reactor (BWR) will require additional design considerations due to the presence of radioactive 

steam throughout the turbine cycle. Although BWRs are not considered in this feasibility study, a conceptual 

design for dispatching heat from a BWR for hydrogen production will be developed in future work. 

The most common type of PWR in the U.S. is a Westinghouse 4-loop PWR, of which there are 26 units 

operating as of the end of 2022. Westinghouse also designed 2-loop and 3-loop PWRs, of which there are five 

units and 15 units operating, respectively, for a total of 46 operating Westinghouse PWRs. Thus, Westinghouse 

PWRs represent 75% of all operating PWRs in the U.S. (46/68 = 75%). The fundamental designs of 

Westinghouse PWRs are sufficiently similar, such that a 4-loop PWR is generally representative of 2-loop and 

3-loop PWRs as long as the different reactor scales are properly accounted for. Considering that 4-loop 

Westinghouse PWRs are the most common type, this model has been selected for this study. 

Summary of the High -Level Integration Design  

This report is based primarily on a preconceptual design report prepared by Sargent and Lundy (S&L) [19] 

with input from INL. The 4-loop PWR is assumed to have a generating capacity of approximately 1,200 MWe. 

Steam is extracted from the PWR using one or more new connections in the crossunder (cold-reheat) piping 

between the high-pressure (HP) turbine and the moisture-separator reheaters (MSRs). A brief comparison is also 

included for steam supply from main steam. This report considers two large-scale hydrogen-production facilities, 

with nominal ratings of 100 and 500 MWnom, respectively. Detailed information for both designs is in the 

preconceptual design report prepared by S&L [19]. Table S-2 provides the specific parameters for both designs. 

The nominal rating corresponds to the DC power input of the high temperature electrolysis facility (HTEF) at full 

hydrogen production. A 100 MWnom HTEF is expected to produce as much as 55-58 tonnes of hydrogen per day, 

depending upon the configuration. 



 

ix 

The exact amount of heat required to generate steam for hydrogen production depends on heat recuperation 

and other design choices within the plant. For the purposes of this study, typical heat input requirements are 

assumed without performing detailed heat-integration designs that depend upon a specific HTEF configuration 

that is vendor dependent. Steam delivered to the HTEF is required to be at least 150°C (302°F) and 50 lb psig. 

Analyses performed for this study achieved these requirements, as summarized in Table S-2. Hydraulic analyses 

were performed to size the piping and auxiliary equipment required to meet thermal extraction demands for the 

HTEF. For purposes of the preconceptual design, minor additional thermal extraction is needed to cover various 

thermal losses, inefficiencies, and design margins typically associated with the sizing of piping, pumps, heat 

exchangers, valves, etc. As noted above, the thermal power required for hydrogen production in an HTEF is 

approximately 20% of the nominal power. Based on a conservatively assumed 5 MWth of steam margin, the 

thermal power requirement of the 100 MWnom HTEF is taken to be 25 MT th and that of the 500 MWnom HTEF is 

taken to be 105 MW th. Both hydrogen facilities are assumed to be located outside of the protected area, but inside 

the owner-controlled area (OCA). Designs are prepared for distances of 250ï500 m between the PWR and both 

HTEFs. Product hydrogen is transported a safe distance away (e.g., 1+ km) for HP compression and storage. 

Within the PWR, piping is installed to route high-temperature steam from the crossunder piping to a steam 

reboiler that creates steam in a tertiary loop fed from a deionized or demineralized-water source. This steam is 

provided to the HTEF for use in the HTE process. Condensed drain flow on the secondary side of the steam 

reboiler is directed to a location within the secondary loop of the plant to minimize thermal losses. 

The revenue meter for the NPP is assumed to be at a high-voltage switchyard, adjacent to the NPP protected 

area. Net metering of the HTEF may be required for cases where the revenue meter is located at the generator 

terminals or in the turbine building. Electrical energy, in the form of alternating-current (AC) power, is diverted 

from the output of the main generator to the HTEF, where most of the required power is converted to rectified DC 

power. 

The total electrical loads required for hydrogen production were 140 and 600 MWe for the 100 and 

500 MWnom designs, respectively, including balance-of-plant equipment. As with thermal power, electrical losses 

and inefficiencies must be considered to supply adequate power to the facility. Additional electrical power must 

be supplied to the hydrogen facility to support plant auxiliaries and other ancillary loads. The total apparent 

electric power rating for these two facilities comes to 140 and 600 MVA, respectively. 

Table S-2. HTEF parameters by plant size. 

Parameter Unit 

HTEF Size (MWnom) 

100 500 

Hydrogen Production Capacitya U.S. tons/day 55ï58 275ï290 

H2 Plant Electric Load MWe MWe 105 500 

H2 Plant Auxiliary Loads + Margin MWe 22 50 

Power Factor  ð 0.92 0.92 

Total Electrical Power Requirements  MVA  140 600 

H2 Plant Thermal Load  MW th 20 100 

Plant Thermal Losses + Margin  MW th 5 5 

Total Thermal Power Requirements MW th 25 105 

Steam Input Temperatureb °F >300 (333) >300 (333) 

Steam Input Pressureb psig >50 (59.3) >50 (59.3) 

Separation Distance from PWR m 250 & 500 m 250 & 500 m 
a Conservative production capacities are shown based on 2022 values. Technology improvements over the next few years 

are expected to improve the yields of these plants to approximately 60 and 300 U.S. tons/day, respectively. 

b Parameters in parenthesis indicate actual design values. 
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Summary of the Estimated Int egration Costs  

An overview of the direct, indirect, and contingency costs for the 100 and 500 MWnom facilities are provided 

below in Table S-3. A simplified analysis was also performed to account for loss in generator electric power 

output due to thermal power extraction to enable estimating the impacts of thermal power extraction on hydrogen 

production. All costs are reported in 2022 U.S. dollars, and it is assumed that electricity sales price is constant 

throughout the 20-year lifetime of the system at $30/MWh (in 2022 USD), which operates with a capacity factor 

of 95%. The estimated total capital investment (TCI) for integrating the NPP hydrogen steam supply equipment 

and associated electrical infrastructure for the 100 MWnom design with a 500 m separation distance is close to 

$246/kWnom, while the corresponding 500 MWnom integration modifications are estimated to cost $78/kWnom. 

Based on these estimates, the standardized cost of the 500 MW nom design is approximately one-third of the 

100 MW nom design. This reduction can be explained by the consolidation of equipment under the larger design, 

reducing material and labor costs with respect to production capacity. Changing the number of piping trains, 

power lines, or integration equipment (mechanical and electrical) for these designs will alter the capital cost of  

Table S-3. Cost summary for integrating nuclear and hydrogen plants (2022 U.S. dollars). 

 Steam from Cold Reheat 

Steam from 

Main Steam 

Steam from 

Electric Boiler  

 100 MWnom 500 MWnom 500 MWnom 500 MWnom 

 

500 m 

separation 

250 m 

separation 
250 m 

separation 

  

Total capital investment (TCI) for electric and thermal power coupling  

Direct cost ($MM) a 7.42 13.1 10.2 10.2 - 

Indirect cost ($MM)  b 8.98 13.1 10.2 10.2 - 

Contingency ($MM) 8.20 13.2 10.2 10.2 - 

TCIe+th ($MM)  24.6 39.0 30.6 30.6 3.0 

Std. TCI per nominal HTEF 

size ($/kWnom) 
246 78.1 61.2 61.2 6.0 

TCI for thermal power dispatch (does not include electric power coupling) 

TCI th ($MM)  20.4 35.0 26.7 26.7 3.0 

Operating costs for  thermal power dispatch 

NPP power reduction (MWe) 5.3 22.4 22.4 37.9 0 

20 Year lifetime operating cost 

($MM) c 
26.5 112 112 189 500 

Capital and operating costs for thermal power dispatch 

Std. cost of heat delivery 

($/MWhth)  
46.9 147 139 216 503 

Standardized (std.) costs associated with thermal power dispatch 

Std. cost of heat delivery 

($/MWhth)  
14.1 8.82 8.32 13.0 30.2 

Std. H2 production cost 

contribution ($/kg-H2) 
0.10 0.065 0.061 0.10 0.22 

a  Direct costs include labor, materials, subcontracts, construction equipment, and process equipment. 

b Indirect costs include additional labor, site overheads, other construction costs, and project indirects. 

c Assumes an electricity sales price of $30/MWh. 

these modifications accordingly. One potential cost-reduction strategy is to decrease the separation distance 

between the NPP and HTEF. This adjustment would decrease the length of piping and power lines, which would 

have subsequent benefits, including reduced excavation and foundation costs, better efficiency (reduced thermal 

and electrical losses), and potential utilization of smaller, less-expensive equipment. Reducing thermal and 
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electrical separation by 50%, from 500 to 250 m, is assumed to be physically feasible for some plants (additional 

hazard analysis and licensing evaluation is in progress in separate work to assess overall regulatory compliance 

but are not included within this study). Table S-3 shows an approximately 20% reduction in integration cost by 

reducing plant separation. Additional cost details can be found in Table 13 in the body of the report. The 

contingency budgets listed in Table S-3 are relatively large and approximately equal to the direct costs. Large 

contingency budgets are appropriate for first-of-a-kind installations. The contingency funds can likely be 

decreased by 50% or more for subsequent installations that follow similar engineering designs. 

It is helpful to compare the cost estimates in Table S-3 with assumptions that have been made in previous 

analyses with estimated costs for hydrogen production, assuming a similar production configuration in which an 

HTEF is coupled to a PWR. In the study by Wendt, Knighton, and Boardman, [2], it was assumed that a 

1,000 MWnom HTEF was coupled to an NPP at a distance of 1 km. The direct capital cost of the steam-delivery 

system from the NPP was estimated to be $41.1 million, which is in very good agreement with the estimated cost 

presented in Table S-3, after accounting for differences in scale and assumed steam-delivery distance. 

Importantly, however, as shown in Table S-3, operating costs are much larger than the capital cost of integration 

for HTEFs that are 500 MWnom and larger. 

The dominant operating cost is the loss of PWR electric power output due to thermal power dispatch to the 

HTEF. As indicated in Table S-3, the PWR electric power output decreases by 5.3 MWe and 22.4 MWe, 

respectively, for the 100-MWnom and 500-MWnom HTEF cases. These values are lower than estimated in the 

previous hydrogen production-cost study [2] because extracting steam from cold reheat in the PWR has less 

impact on electric power production than removing steam from the main steam line, as assumed in the previous 

work. The previous work assumed that reduction in electric power production was equal to the thermal power 

delivery to the HTEF divided by the thermal-to-electric conversion efficiency of the PWR, which would have 

corresponded to 8.5 MWe for the 100 MWnom HTEF case and 35.7 MWe for 500 MWnom HTEF case. Importantly, 

as summarized in Appendix C, a PEPSE analysis was conducted for a case in which steam was extracted from the 

main steam line. As noted in Table C-2, extracting 105 MW th from the main steam line caused the generator 

output to decrease by 37.9 MW. This result indicates extracting steam from the main steam line causes an 

additional loss of 15.4 MW from the generator, compared to extracting the needed steam from cold reheat. 

Extracting steam from the cold reheat reduces the operating costs of the thermal power dispatch system by 

approximately 40%, compared to extracting steam from the main steam line. The lowest standardized 

(Std.) cost of steam supply is associated with the 500 MW nom HTEF case and is $8.32/MW hth, which 

exhibits a marked improvement compared to the estimate of $11.6/MW hth from [2].  As noted in Table S-3, 

this cost of heat contributes $0.06 for each kg of product hydrogen. For comparison, a simplified cost estimate 

was performed for a case in which steam is provided to the HTEF using an electric boiler. The estimated 

standardized cost of steam from an electric boiler was estimated to be greater than $30/MWhth, which would 

contribute approximately $0.22 to the production cost of each kg of hydrogen. Thus, the potential savings from 

thermally integrating an HTEF to a PWR is approximately $0.16/kg-H2.  

As noted above, costs estimated in this study are for a first-of-a-kind installation with large contingency 

budgets. Subsequent installations with similar designs may have substantially lower costs if contingency 

costs can be reduced.  
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ACRONYMS 

AACE Association for the Advancement of Cost Engineering 

AC alternating-current 

ACSR aluminum conductor, steel reinforced 

AFT applied flow technology 

AVR automatic voltage regulator 

BES bulk electric system 

BIL  Bipartisan Infrastructure Law 

BWR boiling-water water reactor 

CM construction management 

CT current transformers 

DAR Design-Attribute Review 

DOE U.S. Department of Energy 

EPC Engineering, procurement, and contractor 

EPCM engineer, procure, construction management 

ETAP electrical-transient transient analyzer program 

FAC flow-accelerated corrosion 

FCV flow-control valve 

HTE high-temperature steam electrolysis 

G&A general and administrative 

GSU generator step-up 

HMI human-machine interface 

HP high-pressure 

HSS hydrogen steam supply 

I&C Instrumentation and Controls 

INL Idaho National Laboratory 

LP low-pressure 

LWR Light-water reactor 

LWRS Light Water Reactor Sustainability 

NPP nuclear power plant 

MOD manually operated disconnect 

MSR moisture-separator reheater 

NERC North American Electric Reliability Corporation 

NPSH net-positive suction head 
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OCA owner-controlled area 

OPGW optical ground wire 

P&ID process and instrumentation diagram 

PI proportional integration 

PRA Probabilistic Risk Assessment 

PT potential transformers 

PWR pressurized water reactor 

RO reverse osmosis 

S&L Sargent and Lundy 

SCWR super critical water reactors 

SOEC Solid-oxide electrolysis cell 

STD standardized 

TB Turbine Building 

TNV thermoneutral voltage 

UFSAR updated final safety analysis report 

VAR volt-amps reactive 
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Preconceptual Designs of Coupled Power Delivery 
between a 4-Loop PWR and 100ï500 MWe HTSE Plants 

1. INTRODUCTION 

1.1 Why Nuclear Generated Hydrogen ? 

The United States and countries around the world are seeking to reduce dependence on fossil fuels to 

achieve climate goals and ensure national energy security. Policy and economic incentives to reduce 

fossil-fuel consumption has led to a steady build out of intermittent wind and solar energy, resulting in 

excess clean generation during some daily hours and deficits of clean energy during other hours. 

Additional sources of clean-energy storage or energy-production flexibility are needed to balance daily, 

weekly, and monthly supply and demand of clean energy. The overlapping impact of the dominant clean-

generating sources (intermittent renewables and baseload nuclear power) exacerbates this challenge 

during daily supply-and-demand cycles. 

Nuclear power has significant near-term potential to change its longstanding operational model by 

shifting generation output away from electrical generation when renewable generation can meet grid 

demand. During these times, nuclear facilities can flexibly produce real-time usable or storable clean 

energy to assist in decarbonizing, not only the power grid, but also industry and transportation. 

Specifically, producing hydrogen by water electrolysis has the potential to favorably influence all these 

sectors as a storage medium and energy carrier for excess intermittent carbon-free generation. 

The 2022 Bipartisan Infrastructure Law (BIL), officially known as the Infrastructure Investment and 

Jobs Act (IIJA) [1], provides up to $8 billion to help establish regional clean-hydrogen hubs over the next 

5ï6 years. This bill is key to addressing several barriers for many nuclear reactors to implement hydrogen 

production. 

To qualify as clean hydrogen, the life-cycle emissions of carbon dioxide of the H2 produced must be 

less than 2 kg-CO2e per kg-H2 [a]. At least one of these hubs must use nuclear energy for some fraction of 

the hydrogen produced in a given region. The federal cost share of up to 50% of the total project costs (up 

to $1.25 billion) should make it possible to realize a favorable return on investment for first-of-a-kind 

demonstration projects. 

Technical and economic assessments of hydrogen production by NPPs indicate that light-water 

reactors (LWRs) will be able to feasibly produce clean hydrogen through water-splitting electrolysis for 

an nth-of-a-kind nuclear hydrogen plant. This is based on a hydrogen plant that is integrated with an 

existing NPP when the price of electrolysis units is consistent with an established supply chain of 

materials and fabrication year over year. The BIL also intentionally includes $1 billion to help raise the 

technology and commercial-scale manufacturing readiness of electrolysis. The assumption is that several 

large-scale demonstration projects and the required manufacturing industries will make it possible to 

expand the leading projects at nth-of-a-kind economics. 

The technology readiness levels of water-splitting electrolysis systems have dramatically increased in 

recent years [2] as the global interest in clean hydrogen production and decarbonization of transportation, 

industry, and other sectors increases. Electrolyzed hydrogen produced by renewables and 

low-temperature electrolysis is already emerging as a near-term clean stored-energy carrier. 

 

a CO2e refers to a unit of greenhouse-gas reductions equivalent to the impact of CO2. As a reference, the conventional process 

of producing hydrogen by steam methane reforming emits 7ï10 kg CO2 per kg H2 produced, depending on the process 

design and accounting for life-cycle emissions associated with natural gas production. 
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1.2 Why Integrate  Light -Water Reactors with H igh -Temperature 
Steam Electrolysis (HTSE)  Plants?  

Promising technologies to produce clean hydrogen from water can be divided into electrochemical 

and electrothermal processes. Leading electrochemical processes include alkaline, proton-exchange 

membrane (PEM) and solid-oxide electrolysis, while leading electrochemical processes include the 

sodium-oxygen-hydrogen (Na-O-H) cycle, copper-chlorine (Cu-Cl) cycle, and sulfur-iodine (S-I) cycle. 

1.2.1 Electrochemical Low -Temperature Electrolysis  

Alkaline electrolysis is the most-mature water-splitting process technology with multiple 100+ MW 

systems installed and operating. It has a relatively low capital cost, but current designs also have 

relatively low efficiency with system-specific energy consumption for hydrogen production in the range 

of 54ï70 kWh/kg-H2 [3]. PEM electrolysis is a less-mature technology, but is already available at MW 

and tens of MW scales. PEM electrolysis systems use rare precious-metal catalysts to achieve a 

system-specific energy consumption that is anticipated to reach 52 kWh/kg-H2 by around 2025 [4]. This 

projected specific energy consumption is slightly better than systems today achieve, as reported by a Nel 

Hydrogen 1.25 MW PEM system, which recently began producing hydrogen at the Nine Mile Point 

Nuclear Plant owned by Constellation Energy. The scale of electrochemical water-splitting systems is 

typically reported on a DC power input basis. For example, a 1.25 MW PEM system operating under 

normal conditions consumes 1.25 MW of DC power. Constellation Energy reported that the PEM system 

at the Nine Mile Point Nuclear Plant produced 560 kg/hr, corresponding to a specific energy consumption 

of 53.6 kWh/kg-H2 [5]. An advantage of PEM electrolysis is that the systems are capable of rapid 

dynamic operation between approximately 20 and 100% of their rated capacities. 

1.2.2 Electrochemical High -Temperature Electrolysis  

Solid-oxide electrolysis cell (SOEC) systems, also known as HTSE systems, use high temperatures 

rather than precious-metal catalysts to split water molecules. HTSE technology is less mature than 

alkaline and PEM technologies; however, multiple companies have announced facilities that can produce 

HTSE systems at scales greater than 500 MWDC per year [6,7]. HTSE systems need power in three forms: 

(1) DC electrical power, (2) heat at approximately 150°C to produce saturated steam, and (3) heat at 

approximately 800°C for process topping heat. The ratios of the required power inputs depend upon 

specific operating conditions. In a typical operating condition, 75ï78% of the input power is needed as 

DC electrical power, 16ï19% of the input power is needed to produce steam at approximately 150°C, and 

5ï8% of the input power is needed for high-temperature topping heat. Typically, the high-temperature 

topping heat is produced using electrical heaters so that the ratio of the required electric power to thermal 

power is between four and five. This ratio of electric-to-thermal power can be achieved from a 

pressurized water reactor (PWR) by extracting slightly less than 10% of the steam from the primary steam 

supply loop and using heat from this steam to provide the heat needed by the HTSE plant through 

appropriate heat exchangers.  

Using nuclear heat to generate steam for the HTSE process increases the efficiency of the process 

(Figure 1, Figure 2, and Table 1). The specific electric and thermal energy requirements for HTSE have 

been reported as 36.8 kWh/kg-H2 and 6.4 kWhth/kg-H2, respectively [8]. The projected electric-specific 

energy consumption is well aligned with a value of 37.7 kWh/kg-H2, which was measured at INL using a 

100 kW Bloom Energy SOEC system [9]. The thermal specific-energy consumption of 6.4 kWhth/kg-H2 

is readily determined from the heat of vaporization of water and by accounting for engineering losses in 

large-scale systems. As shown in Table 14 in Section 4.3, extracting heat from a nuclear power plant, 

reduces the electricity that the plant generates. Dispatching 6.4 kWhth from a PWR reduces electricity 

energy generation by approximately 1.4 kWhe, so the effective potential hydrogen production efficiency 

of an HTSE system using power from a PWR is approximately 38.4 kWhe/kg-H2, as indicated by the 

numbers in parenthesis in Table 1. Note that the higher heating value of hydrogen is 39.4 kWh/kg, so the 
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effective efficiency of an HTSE system coupled to a PWR can be as high 102% because the PWR 

provides 6.4 kWhth/kg-H2 while only losing 1.4 kWhe of electricity generation per kilogram of product 

H2. The benefit of integrating HTSE hydrogen production with nuclear power is apparent. Compared to 

PEM electrolysis, each kilogram of hydrogen can be produced using 33% less thermal power (156ï

118)/118 = 33%. 

Similar to PEM systems, HTSE systems show promising capabilities to flex their power consumption 

and hydrogen production over a time scale of seconds to minutes to allow coupled nuclear plants 

flexibility in dispatching power to either the power grid or to hydrogen production. 

 
Figure 1. Graphical representation of heat and electricity flowing from a nuclear reactor to an HTEF. 

In comparing the merits of using PWRs to provide power for leading electrochemical water-splitting 

technologies, it is helpful to compare the power requirements in terms of thermal power. Approximating 

the conversion efficiency of converting nuclear heat to electrical power (ɖthŸe) by a PWR to be 33%, 

specific thermal-energy requirements of alkaline, PEM, and HTSE systems are estimated to be 164ï230, 

158, and 118 kWhth/kg-H2., as summarized in Table 1.  

Table 1 also includes a column assuming the electricity is provided by a very high-temperature 

reactor (VHTR) that can achieve a thermal power to electricity-conversion efficiency (ɖthŸe) of 

approximately 46%. It has been noted that heat from VHTRs can be used to increase the efficiency of 

HTSE processes because 5ï8% of the input power is needed for high-temperature topping heat. In 

practical applications, however, there are several factors that will likely negate the potential increase in 

efficiency from utilizing high-temperature heat. First, assuming a VHTR can convert thermal power to 

electricity with an efficiency of 46%, the potential increase in efficiency that could be gained by using 

high-temperature heat inside an HTSE facility (HTEF), instead of electrical heaters, would be limited to 

1/46% of 5ï8% or approximately 3%. Second, transferring high-temperature gas from the VHTR in the 

HTEF and using heat from the gas in the HTEF would have unavoidable thermal losses that would further 

limit the potential increase in system efficiency to less than 1ï2%. The reason for the high thermal losses 

is that the high-temperature topping heat is needed locally within the hot boxes that contain the SOECs. 

These hot boxes contain between 100 kWDC and 1 MWDC of cells and contain heat recuperators such that, 

in current designs, relatively low-temperature steam and gases enter and exit the hot boxes. Using high-

temperature gas to provide the topping heat in the hot boxes would require additional high-temperature 

piping to transfer the high-temperature gas into and out of the hot boxes as well as additional heat 

exchangers inside or outside the hot boxes. These additional high-temperature pipes and heat exchangers 

would substantially increase the system complexity, footprint, capital expense, and thermal losses, such 

that potential benefits will not likely be justified. 
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Table 1. Efficiencies of leading hydrogen production technologies for the near-term time horizon. 

Hydrogen 

production 

technology 

Total system 

electricity input 

Total system 

thermal power 

input 

PWR input 

thermal power  

(ɖthŸe å 0.33) 

VHTR input 

thermal power 

(ɖthŸe å 0.46) 

kWhe/kg-H2 kWhth/kg-H2 kWhth/kg-H2 kWhth/kg-H2 

Alkaline (near-

term) 
54ï70 0 164ï230 117ï165 

PEM (near-term) 52 0 158 113 

HTSE (near-term) 37 (38.4) 6.4 (0) 118 86 

Na-O-H cyclea 20 (37) 40 (0) 111b 83 

Hybrid S-I cyclea 17 53 Not applicable 91 
a  Future projection for mid-term time horizon. 
b  Assumes the temperature of half of the heat load (20 kWhth/kg-H2) is raised from 290°C to ~500°C by a future 

advanced high-temperature heat pump with coefficient of performance of 2. The assumed heat pump may or may 

not be realized. 

 

Figure 2 shows an example cell voltage and current relationships of low- and high-temperature 

electrolysis systems and illustrates an additional factor that limits the practicality of using high-

temperature topping heat from a VHTR to increase the efficiency of an HTEF. HTSE systems operate 

along the solid red line shown in Figure 2, while low-temperature alkaline and PEM electrolysis facilities 

operate along the solid blue line. Low-temperature electrolysis systems must operate at cell voltages that 

are greater than the water thermoneutral voltage (TNV) because that is the minimum voltage required to 

split water molecules. High-temperature electrolysis systems can operate at either above or below the 

steam TNV although there are strong motivating factors to operate near the steam TNV. Operating at cell 

voltages below the steam TNV allows thermal power (heat) to replace some of the electrical power in the 

water-splitting reaction; however, electric current and hydrogen-production rates decrease as the cell 

voltage decreases. Hydrogen-production costs increase as the hydrogen-production rate decreases because 

the specific capital-equipment cost increases. Operating at cell voltages above the steam TNV produces 

Ohmic heating that offsets the high-temperature topping heat that must be provided to the solid-oxide 

cells during hydrogen production. 
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Figure 2. Cell voltage and current relationship for low and high-temperature electrolysis. 

The point marked A in Figure 2, which corresponds to operation at the steam TNV, is the point at 

which 5ï8% topping heat is required, as described above. At a cell voltage and electric current slightly 

higher than point A, the Ohmic heating exactly matches the required topping heat, such that inline topping 

heaters or heat exchangers are not required. This point is marked B in Figure 2. As noted above, 

increasing the cell voltage and electric current potentially decreases hydrogen production costs even 

though cell efficiency is slightly lower because the system capital-equipment expense decreases. A 

primary objective of HTSE system manufacturers and the U.S. Department of Energy (DOE) is to 

increase the durability of SOECs, so that they can sustain higher current densities and hydrogen-

production rates. Using high-temperature heat from a VHTR to increase the efficiency of an HTEF is 

counter to present-day goals of HTSE system manufacturers and DOE. The HTEF thermal power input 

value for HTSE systems in the final column of Table 1 assumes heat from a VHTR is only used to 

produce electricity and steam at approximately 150°C for the HTSE process (the cycle topping heat is 

provided using electricity). A further point regarding the information in Table 1 is that the improved 

efficiency of the thermal-to-electric power-conversion efficiency of the VHTR is not the driving 

parameter for decreasing the cost of hydrogen production. As discussed in the study by Wendt, Knighton, 

and Boardman [2], the cost of hydrogen is affected predominantly by the cost of electricity, so NPPs that 

produce electricity at the lowest cost are favored to produce low-cost hydrogen, regardless of their 

thermal-to-electric power-conversion efficiency. 

1.2.3 Thermochemical -Cycle Technologies  

As noted, thermochemical processes are also promising options for hydrogen production although 

their technological maturity is much lower. Thermochemical cycles typically have operating temperatures 

and require heat input at temperatures well above the operating temperature of PWRs. Therefore, VHTRs 

with outlet temperatures hotter than 650°C are preferred [10]. Of the thermochemical cycles, the Na-O-H 

[11] and Cu-Cl [12,13] cycles have the potential to operate at the lowest temperatureðapproximately 

500°Cðwhile the S-I cycle operates at approximately 800°C [14,15]. Due to their moderate operating 

temperatures and power requirements, the Na-O-H and Cu-Cl cycles are compatible with receiving heat 

and electricity from supercritical water reactors (SCWRs) for hydrogen production. Coupling these cycles 
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to PWRs would require a chemical heat pump to upgrade the temperature of the steam, which decreases 

the efficiency of the process [16]. 

For the Na-O-H chemical process, initial studies show that the ideal exergy efficiency of the cycle is 

82%, making it a potential candidate for H2 production [11, 17]. The HTEF thermal power input value for 

the Na-O-H cycle in the final column of Table 1 assumes that high-temperature heat from a VHTR is used 

in the thermochemical Na-O-H cycle; therefore, the anticipated high-temperature thermal input power 

requirements of HTSE and Na-O-H technologies are approximately equal, at 80 kWhth/kg-H2. It must be 

noted, however, that Na-O-H cycle technology is not yet mature, and its projected overall system 

efficiency has relatively high uncertainty. The coupled SCWR Cu-Cl hybrid cycle has been studied 

extensively in Canada and has been shown to have exergy efficiency of 27.8% [12]. The hybrid S-I cycle 

has also been studied extensively and has a reported exergy efficiency of 35% [18,14,15]. 

1.3 Why Select a 4 -Loop Westinghouse PWR as a Reference Plant to 
Integrate with H TSE? 

Development of a preconceptual design must begin by establishing a reference plant to describe 

proposed modifications, analyze impacts, and approximate assigned costs. Individual sites can then 

compare the attributes of the reference plant to their specific plant to adjust the modifications described or 

scale the associated costs appropriately. 

A Westinghouse 4-loop PWR has been selected for this study. Westinghouse 

PWRs represent 75% of all operating PWRs in the U.S. (46/68 = 75%). A 4-Loop 

PWR is representative of typical Westinghouse PWRs. 

As of the end of 2022, 68 of the 92 commercially operable U.S. NPP units were PWRs. In a PWR, 

high-pressure (HP) water passes through the reactor core, where it is heated by thermal energy created by 

nuclear fission. This ñprimaryò water flows to a heat exchanger (called a steam generator), where it boils 

feedwater in the ñsecondaryò plant cycle to create steam. This steam then drives a series of turbines, 

which turn a generator to create electricity. This secondary turbine-cycle steam is not radioactive due to 

its being separated from the reactor coolant within the steam generators. With such a significant portion 

of the NPP fleet employing this type of design, it is an appropriate choice for use as the representative 

reference plant for the preconceptual design. Additionally, the use of nonradioactive steam makes a PWR 

the logical choice for an initial feasibility study. It is noted that a BWR will require additional design 

considerations due to radioactive steam. 

The most common type of PWR is a Westinghouse 4-loop design, of which there are 26 units 

operating as of the end of 2022. Westinghouse also designed 2-loop and 3-loop PWRs, of which there are 

5 units and 15 units operating, respectively, for a total of 46 operating Westinghouse PWRs. Thus, 

Westinghouse PWRs represent 75% of all operating PWRs in the U.S. (46/68 = 75%). A 2-loop plant has 

two steam generators and reactor coolant pumps, while 3-loop and 4-loop plants have correspondingly 

increased numbers of steam generators and reactor coolant pumps. Due to the increased numbers of loops, 

3- and 4-loop plants have higher thermal outputs than do 2-loop plants. The rated thermal outputs of 2-, 

3-, and 4-loop PWRs are approximately 1800, 2700, and 3500 MW th, respectively. The fundamental 

designs of the plants are sufficiently similar that a 4-loop PWR is representative of 2- and 3-loop PWRs if 

the different reactor scales are properly accounted for. Considering that the 4-loop Westinghouse PWRs 

are the most common type, and that they are representative of 75% of operating PWRs in the U.S., a 

4-loop Westinghouse PWR has been selected for this study. 

1.4 High -Level Design Parameters  

The body of this report and Appendixes A through J are based primarily on a preconceptual design 

report prepared by S&L with input from INL [19]. Appendix K contains recommendations for the control 

system implementation and is based on a report by Westinghouse [20]. The plant is assumed to have a 
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generating capacity of approximately 1200 MWe, which is also reasonable for this design. Steam is 

extracted from the PWR using one or more new connections in the crossunder (cold-reheat) piping 

between the HP turbine and the moisture-separation reheaters (MSRs), as shown in Figure 3. This report 

considers two large-scale hydrogen-production facilities with nominal ratings of 100 and 500 MWnom, 

respectively. Detailed information for both designs is located in the preconceptual-design report prepared 

by S&L [19]. Table 2 provides the specific parameters for both designs. The nominal rating corresponds 

to the DC power input of HTEF at full hydrogen production. A 100 MWnom HTEF is expected to produce 

as much as 55ï58 MTs of hydrogen per day, depending upon the configuration. 

 

Figure 3. Steam extraction from cold-reheat piping downstream of the HP turbine. 
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The exact amount of heat required by the HTEF to generate steam for hydrogen production depends 

on heat recuperation and other design choices within the plant. For this study, typical heat-input 

requirements are assumed without performing detailed heat-integration designs that depend upon the 

specific HTEF configuration that is vendor dependent. Steam delivered to the HTEF is required at 

temperature of at least 300°F and pressure of at least 50 lb/psig. Analyses performed for this study 

achieved these requirements, as summarized in Table 2. The final steam conditions supplied to the HTEF 

are approximately 333°F and 74lb/psia. Hydraulic analyses were performed to size the piping and 

auxiliary equipment required to meet thermal-extraction demands for the HTEF. For the preconceptual 

design, minor additional thermal extraction is needed to cover various thermal losses, inefficiencies, and 

design margins typically associated with the sizing of piping, pumps, heat exchangers, valves, etc. As 

noted, the thermal power required for hydrogen production in an HTEF is approximately 20% of the 

nominal power. Based on these considerations, the thermal power requirement of the 100 MWnom HTEF 

is taken to be 25 MTth, and that of the 500 MWnom HTEF is taken to be 105 MW th. Both hydrogen 

facilities are assumed to be located outside of the protected area, but inside the OCA, as indicated in 

Figure 3. Designs are prepared for distances of 250 and 500 m between the PWR and the HTEFs. Product 

hydrogen is transported a safe distance away, such as 1 km, for HP compression and storage. 

Table 2. HTEF parameters by plant size. 

Parameter Unit 

HTEF Size 

100 MWnom 500 MWnom 

Hydrogen Production Capacitya  U.S. tons/day 55-58 275-290 

H2 Plant Electric Load MWe MWe 105 500 

H2 Plant Auxiliary Loads + Margin MWe 22 50 

Power Factor  ð 0.92 0.92 

Total Electrical Power Requirements  MVA  140 600 

H2 Plant Thermal Load  MW th 20 100 

Plant Thermal Losses + Margin  MW th 5 5 

Total Thermal Power Requirements MW th 25 105 

Steam Input Temperatureb °F >300 (333) >300 (333) 

Steam Input Pressure2 psig >50 (59.3) >50 (59.3) 

Separation Distance from PWR m 250 & 500 m 250 & 500 m 

1  Conservative production capacities are shown based on 2022 values. Technology improvements over the next few years are 

expected to improve the yields of these plants to approximately 60 and 300 U.S. tons/day, respectively. 

2 Parameters in parenthesis indicate actual design values. 

 

Within the PWR, piping is installed to route the high-temperature steam from the crossunder piping to 

a steam reboiler that creates steam in a tertiary loop fed from a deionized or demineralized-water source. 

This steam is then provided to the HTEF for use in the HTE process. Condensed drain flow on the 

secondary side of the steam reboiler is directed to a location within the secondary loop of the plant to 

minimize thermal losses. 

The revenue meter for the NPP is assumed to be at a high-voltage switchyard, adjacent to the NPP 

protected area. Net metering of the HTEF may be required for cases where the revenue meter is located at 

the generator terminals or in the turbine building (TB). It is also assumed there will not be any safety-

related or Class I seismic equipment inside the TB. 
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Transmission-system voltages vary throughout the country, based on utility standard practices, system 

loading, and area geography. Typical interconnection voltages for commercial NPPs range from 230ï

500 kV. It is assumed for this report that the transmission-system interconnection voltage for the 

reference plant is 345 kV. Electrical energy, in the form of alternating-current (AC) power, is diverted 

from the output of the main generator to the HTEF, where a majority of the required power is converted 

to rectified DC power. 

The DC electrical loads required for hydrogen production were 140 and 600 MWe for the 100 and 

500 MWnom, respectively, including balance-of-plant equipment. As with thermal power, electrical losses 

and inefficiencies must be considered to supply adequate power to the facility. Additional electrical 

power needs to be supplied to the hydrogen facility to support plant auxiliaries and other ancillary loads. 

For the 100 MWnom facility, a power factor of 0.92 was used, in combination with 10% additional power 

(11 MWe) for auxiliary power and 10% additional power (11 MWe) for the margin. The 500 MWnom 

facility used the same power factor and percent auxiliary power, but no margin (margin is covered by the 

increased auxiliary power). The total apparent electric power rating for these two facilities comes to 140 

and 600 MVA , respectively. 
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2. 100 MWnom  HTEF DESIGN AND EQUIPMENT 

2.1 Design  

2.1.1 Description of Modification  

Process steam from the plantôs main steam system is extracted through one or more new connections 

in the crossunder (cold-reheat) piping between the HP turbine and the MSRs. This insulated carbon-steel 

steam piping includes manual isolation at tap locations and an air-operated flow-control valve (FCV) 

before the piping routes out of the TB to the hydrogen steam supply (HSS) steam reboiler. Station 

instrument air is used for the actuation of this control valve. During a turbine trip, air supply to this valve 

would stop, causing this valve to close, isolating the steam line. The process and instrumentation diagram 

(P&ID) provided in Appendix A shows the arrangement of steam extraction for the cycle. HSS 

equipment, located in an outdoor area adjacent to the TB within the protected area, is composed of a 

steam reboiler, steam drum, drain receiver, drain cooler, reboiler feed pump, and demineralized-water-

storage tank, reboiler feed-level control valve, relief valves, and isolation valves. A potential layout of the 

HSS equipment is included in Appendix B. Station instrument air is routed from an available header in 

the TB to supply the control valve. 

A H2 interface-control panel, located in the main control room, provides operational control of the 

mechanical and electrical equipment that dispatches steam and power to the HTEF. See Section 2.1.4 for 

details, including the interface with the main control room. The H2 interface-control panel also houses the 

protective relay components. On the plant secondary side of the reboiler, stainless steel drain piping is 

routed from the steam reboiler to the drain receiver, the drain cooler, and finally to the main condenser in 

the TB. An air-operated level-control valve is in the piping at the condenser, with tie-ins to the station 

instrument air system and control-signal cables, which are routed from the reboiler drain receiver. A 

reverse osmosis (RO) system located within the HTEF boundary is required to generate the supply flow 

of demineralized-water to the steam reboiler. High-density polyethylene (HDPE) piping is direct-buried at 

a suitable depth and routed from the RO system at the H2 facility to the demineralized-water storage tank 

within the protected area of the NPP. Stainless steel piping is routed from the tank to the suction of the 

reboiler feed pump. From the discharge side of the feed pump, stainless steel piping connects to the drain 

cooler, which is followed by the steam drum and then the steam reboiler. The drain cooler serves to 

preheat reboiler feedwater for hydrogen production and cool reboiler drain water headed to the 

condensers. The rate of demineralized water, which is fed to the drain cooler, is operated by a level-

control valve using station instrument air. Control signals are received from the water-level transmitter 

within the steam drum. Insulation and heat tracing are added to exposed piping and outdoor equipment as 

needed. 
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Insulated carbon-steel process-steam piping from the reboiler is provided with a self-contained 

backpressure-regulating valve before it is routed through the protected area boundary to the HTEF. Drains 

and steam traps are provided to remove condensed water from the line. Reboiler chemistry is maintained 

through provision of a blowdown connection that can be routed to a station drain. The ability to sample 

the reboiler blowdown enables plant personnel to ensure radioactivity has not inadvertently contaminated 

the flow of steam to the HTEF. The 345-kV transmission line (H2 feeder) for the H2 plant is tapped to the 

line between the NPPôs GSU transformer high-voltage bushing and the switchyard. The transmission line 

has two manually operated disconnect (MOD) switches and a 345-kV circuit breaker at the beginning of 

the line. The H2 feeder is 0.5 km long, with the revenue meter at the beginning of the line. Located at the 

end of the line, inside of the HTEF boundary, are two 345-kV disconnect switches, a 345-kV circuit 

breaker, and a three-winding stepdown transformer to convert the power down from 345 to 13.8 kV. 

Medium-voltage power cables are routed from the stepdown transformer to two medium-voltage 

switchgears inside the HTEF. These cables and switchgear are to be provided as part of the H2 facility 

design. The transmission line to the HTEF is protected by redundant microprocessor-based line-current 

differential (87L) relays. Each pair of relays communicates via fiber-optic cables over the transmission 

line. The NPPôs existing GSU-transformer differential relays will cover the new high-voltage breaker at 

the H2 feeder within their zone of protection. Interface with the existing plant tripping scheme of the 

existing GSU-transformer differential relays is required to be able to trip the high-voltage breaker to the 

HTEF. 

A conceptual site plan showing the thermal and electrical interface between the plants is provided in 

Appendix B. 

2.1.2 Mechanical Design  

2.1.2.1 Selection of NPP steam-dispatch location  

The heat-balance diagrams included in Appendix B illustrate the expected plant operating conditions 

when considering station operation without thermal extraction and station operation with the thermal 

extraction specified in Table 3. The modeling accounts for 1750 ft (approximately 530 m) of piping, with 

multiple fittings to allow a connection from the NPP to the HTEF. The heat-balance model also accounts 

for heat loss through insulated outdoor piping. 

The preferred location of extraction is cold reheat (i.e., downstream of the HP turbine exhaust and 

upstream of the MSRs). This steam-extraction location provides sufficient thermal energy to heat cold 

water to the targeted steam conditions while minimizing the impact to both station efficiency and 

transient operation (i.e., loss of supply steam to the HTEF). Steam extraction at this location also reduces 

the steam-supply temperature experienced by the reboiler, limiting necessary design considerations for 

that component. Additional rationale for locating the steam dispatch at the cold reheat is provided in 

Appendix C. 
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Table 3. Summary of important system parameters for 25-MW th extraction. 

Parameter Unit 

Extraction Level 

ȹ 0 MW th 25 MW th 

Reactor Thermal Power MW th 3659 3659 ð 

Generator Output MWe 1239.6 1234.3 -5.3 MWe 

Main Steam Flow Mlb/hr 16.28 16.28 0.00% 

Cold-Reheat Flow Mlb/hr 12.73 12.72 -0.05% 

25 MW th Thermal Extraction Flow lb/hr 0 85,238 ð 

Extracted Steam Fraction of Cold-Reheat Flow % 0 0.67 0.67% 

Remaining Steam to MSRs Mlb/hr 12.73 12.64 -0.67% 

Hot-Reheat Flow Mlb/hr 11.26 11.17 -0.76% 

Heater Drain Forward Temperature °F 339.7 339.0 -0.7°F 

HP Feedwater-Heater (FWH) Cascading Drain 

Flow 
Mlb/hr 1.39 1.39 -0.23% 

Low-pressure (LP) FWH Cascading Drain 

Flow 
Mlb/hr 2.42 2.41 -0.41% 

Heater Drain Tank Pressure psia 185.5 184.0 -1.5 psi 

NOTE:  Cascading drain conditions are averaged. Individual feedwater heater drain lines may have higher variations in 

conditions. Changes from 0 to 25 MW th were calculated in Microsoft Excel. There may be slight differences due to 

truncation of values when entering the values in the table. 

 

2.1.2.2 Selection of NPP drain -return location  

The preferred location selected to return the condensed drain flow is at the main condenser. Returning 

to the main condenser allows sufficient energy removal from the cycle steam while minimizing the 

amount of steam diversion and resulting impact to the NPP. Returning to other locations at higher 

temperatures (e.g., the heater drain tank or a location in the feedwater system) would drive up the required 

mass flow of the diverted steam to achieve the required thermal-extraction level and would result in 

further impacts to the NPP. 

2.1.2.3 Thermal analysis  

A PEPSE heat-balance model of a reference Westinghouse 4-loop PWR NPP was used to determine 

the impact on the station when considering various levels of thermal extraction. As previously discussed, 

the preferred location for steam extraction is cold reheat, and the preferred location for subcooled-water 

return is the main condenser. The targeted steam conditions at HTEF are 300°F and 50 psig. Appendix C 

provides heat-balance drawings that show the impact to the NPP when considering 25-MW th power 

extraction. Table C-1 provides the station impact to significant parameters throughout the power cycle, 

considering 25-MW th power extraction. 

2.1.2.4 Impact on plant hazards  

These consideratons are not included in this report. See Ref. [18]. 

2.1.2.5 Evaluation of plant transients  

Introduction of the HTEF to the existing NPP could cause operational transients that would need to be 

addressed. Specifically, the startup or shutdown of the HTEF needs to be evaluated to ensure there are no 

adverse effects on the operation of the existing NPP. Plant response to various electrical transients and 

faulted conditions is described below. PEPSE heat-balance diagrams (shown in Appendix C) are 
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developed to evaluate the impact of extracting steam from the nuclear power cycle to supply thermal 

energy to a reboiler unit used to preheat the process steam for H2 production. Table 3 provides a summary 

of the important parameters for the 25-MW th extraction. Note that only parameters exhibiting some 

degree of change are shown; other values, such as most system temperatures, show virtually no change 

(see Appendix C). 

Table 3 shows the 25-MW th extraction from cold reheat requires 85,238 lb/hr of steam, which 

corresponds to approximately 0.67% of total cold-reheat flow. Startup of the HTEF requires opening of 

the steam-extraction line from cold reheat to the reboiler unit. This operation diverts a very small portion, 

approximately 0.67%, of the total cold-reheat flow and reduces the hot-reheat flow to the low-pressure 

turbines by approximately 0.76%. These changes are not expected to cause any significant burden on 

existing plant operation. Note that the main steam-flow conditions remain virtually unchanged, and, 

therefore, the turbine control-valve position remains unchanged. The only other important change is the 

slight reduction of the main generator output, approximately 5.3 MWe, but this change represents only 

approximately 0.4% of total generator output. 

It is also noted that the extraction of steam from the cycles, as described in this report, is operationally 

similar to a low-pressure turbine bypass. Plants are typically designed with approximately 25% or more 

turbine-bypass capability, and plant transients are already analyzed with turbine bypass that is much 

greater than the level of steam extraction described. 

Similarly, for the shutdown of the H2 production facility, the changes are insignificant and should not 

cause any significant burden on the existing plant operation. 

2.1.2.6 Impact on core reactivity  

The impact on core reactivity associated with extracting steam from the secondary cycle must be 

assessed for any plant-specific modification as described within this report. However, based on the scale 

of thermal power extraction considered for this preconceptual design (<1% of secondary mass flow), it is 

expected that there will be a minimal impact on reactivity for the conditions analyzed within this design 

report. 

2.1.3 Electrical Design  

The HTEF requires 105 MWe power for the electrolysis process and approximately 11 MWe for 

auxiliary loads. Using a power factor of 0.92 for H2 plant processes and a 10% margin, the total power 

required by the HTEF is 140 MVA. Distance between the HTEF and NPP equipment is approximately 

0.5 km; therefore, power is supplied from the NPP via a 345-kV transmission line spanning the plant 

separation. 

2.1.3.1 Selection of NPP electrical -dispatch  location  

The electrical-physical-layout diagram in Figure B-7 illustrates the preferred electrical system tie-in 

point, which is the high-voltage side of the NPPôs main GSU transformer. The electrical feed to the HTEF 

consists of a high-voltage circuit breaker, two MOD switches, and a 0.5-km high-voltage transmission 

line. For a total apparent power rating of 140 MVA, the current rating of the high-voltage equipment must 

be in the range of approximately 162ï350 A when considering a nominal transmission-system voltage in 

the range of 230ï500 kV. This is well within the typical rating of available high-voltage electrical 

equipment. The short-circuit rating of the high-voltage circuit breaker should be selected to match the 

design ratings of the existing electrical switchyard. 
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An alternative option for the electrical system tie-in location is the generator-isolated phase (isophase) 

bus. This may be advantageous for NPPs with insufficient space between the GSU transformer and 

transmission line dead-end structure to tap the high-voltage transmission line. The major drawbacks of 

connecting to the isolated phase bus are the relatively high cost of tapping the isophase bus, high short-

circuit levels, and losses associated with transmitting electrical power 0.5 km at the generator voltage 

level. The short-circuit levels at the outlet of the NPP isophase bus are typically more than 100 kA, which 

necessitates a specially designed generator circuit breaker for sufficient short-circuit protection and 

isolation of the H2 plant feed from the NPP. Further, it is not practical to extend the isophase bus 0.5 km 

to the HTEF. Limiting the available fault current to safe levels for transmission of electrical power via 

overhead lines or underground cable would require current-limiting reactors or a transformer connected 

between the isophase bus and the feeder to the HTEF, which leads to additional capital costs and 

electrical losses. Based on the challenges associated with the electrical tie-in at the isophase bus, this 

option is not investigated further in this report. 

2.1.3.2 Electrical design and equipment within the NPP boundary  

The 345-kV transmission line will be tapped to the line between the NPP GSU transformerôs high-

voltage bushing and the switchyard. The H2 transmission line routes over a transmission tower to a 

345-kV circuit breaker and its two MOD switches for line protection and maintenance. Potential 

transformers will be installed between the MOD switch and the high-voltage breaker for the new lineôs 

revenue meters. This equipment will be in the NPP protected area or yard area, depending on available 

space in the protected area. For a plant-separation distance of 500 m, the H2 transmission line will be 

routed over six more transmission towers to reach the H2 plant area. The line then terminates at a 345-kV 

circuit breaker and associated disconnect switches and a three-winding, stepdown transformer to step the 

power down from 345 to 13.8 kV inside the HTEF boundary. These components should be incorporated 

into the HTEF design and are outside the scope of this report. The two nonsegregated buses or cables that 

connect the two secondary windings to two medium-voltage switchgears inside the HTEF also are part of 

the H2 plant design and outside the scope of this report. See Figure B-7 for the H2 transmission line 

electrical-physical layout. The three-winding stepdown transformer is rated for 345 kV-delta/13.8 kV-

wye/13.8 kV-wye, 84/112/140MVA oil-natural, air-natural (ONAN)/oil-natural, air-forced (ONAF)/ 

ONAF, 9.5% nominal impedance H-X, H-Y. The 13.8-kV windings are resistance grounded. Revenue 

meters are installed in different locations depending on the NPP. Some NPPs locate revenue meters inside 

the TB, outside after the GSU transformer, or out in the switchyard. Therefore, the NPP and associated 

grid operators should have discussions early in the process to review their agreement in relation to the 

location of the connecting point of the H2 feeder and the issues that can affect the location of the H2 feed-

connecting point in relation to the meters such as GSU-transformer power losses. 

2.1.3.3 Transmission line control and protection  

The control and indication of the H2 power line can be performed locally at the equipment or from the 

main control room for the high-voltage circuit breaker. Also, the control and indication for the reboiler 

pump and control and position indication of the steam-admission valve associated with the steam line can 

be performed from the main control room. The two manually operated 345-kV disconnect switches will 

only have indications in the main control room. It is assumed that the revenue meters for the new H2-

transmission line will be located outdoors, close to their associated 345-kV breaker. Protective relays 

associated with the new high-voltage circuit breaker to protect the H2 power line will be located in NPP 

relay room and use plant DC power sources. The protective relays at the end of the transmission line will 

be located within the HTEF boundary. Coordination between the NPP and HTEF electrical equipment 

will be required. 
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2.1.3.4 Power requirements for hydrogen steam-supply equipment  

HSS equipment located in the protected area requires 480 VAC and 125 VDC to operate the reboiler 

feed pump and any required auxiliary loads. The power will be supplied from a 480-VAC load center and 

125-VDC distribution panel in the TB. 

2.1.3.5 Switchyard arrangement and offsite power  

The switchyard breaker alignment is not affected by the addition of the new high-voltage line to the 

H2 plant because the new line is protected by a new high-voltage circuit breaker downstream of the tap 

point, as shown in electrical single-line diagram (Appendix H). The new H2 power line has no impact on 

the switchyard voltage, breaker alignment, generator automatic-voltage-regulator (AVR) loading, or the 

status of offsite power voltage-regulating devices. The H2 production facility is physically and electrically 

separated from the offsite power circuits. Therefore, there is no impact to offsite power sources or plant 

safety loads, which are normally powered from offsite power sources. 

2.1.3.6 Electrical short -circuit and  load-flow /voltage -drop analysis  

An electrical-transient analyzer program (ETAP) electrical power-system model was prepared to 

evaluate the power-flow and short-circuit impacts of the HTEF electrical tie-in (Appendix H). The model 

was developed based on typical electrical parameters for an NPP main power circuit. The ETAP model 

consists of the following components: 

¶ Thevenin-equivalent source representation of the high-voltage transmission system 

¶ NPP synchronous generator 

¶ NPP main GSU transformer 

¶ 0.5-km high-voltage transmission line to the HTEF 

¶ HTEF stepdown transformer 

¶ Two medium-voltage switchgear buses for the HTEF 

¶ Lumped loads to represent the loading at the HTEF. 

The stepdown transformer supplying the HTEF is specified as a three-winding unit to supply 

105 MWe to the H2 plant, plus additional capacity for auxiliary loads. The application of a three-winding 

transformer enables the use of standard 3000A, 15-kV-class switchgear. Note that use of a two-winding 

transformer would be limited to a maximum apparent power supply rating of approximately 70 MVA at 

13.8 kV (3000A × 13.8kV × sqrt(3) = 71.7 MVA). A short-circuit analysis was performed in ETAP to 

determine estimated equipment short-circuit ratings and to aid in sizing the HTEF stepdown transformer. 

The H2 plant stepdown transformer was modeled as an 84/112/140MVA ONAN/ONAF/OFAF 

three-winding transformer. The high-voltage winding is connected in delta and the medium-voltage 

windings connected in wye. The short-circuit analysis model shows that a 9.5% nominal impedance 

between the H-X and H-Y windings (with ±7.5% tolerance) on the 42 MVA self-cooled base of the 

secondary windings allows for the use of 40-kA medium-voltage switchgear at the H2 plant. The ETAP 

model shows that adding the hydrogen plant has a negligible impact on existing NPP equipment. 

Hydrogen plant loads are primarily rectifiers supplying direct current to the electrolyzers (approximately 

80% of total load). Diode-based rectifiers permit current to flow only in one direction; therefore, they do 

not supply short-circuit current back to the power system. The only sources of short-circuit current in the 

HTEF are motor loads in the auxiliary system. The amount of short-circuit current supplied by the motor 

loads is negligible in comparison with the short-circuit current supplied by the high-voltage transmission 

system and NPP generator. The ETAP model shows the HTEF contributes less than 0.1 kA of short-

circuit current at 345 kV when compared to approximately 38 kA from the system and approximately 

7 kA from the NPP. 
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The ETAP model was also used to perform a load-flow and voltage-drop analysis to evaluate the 

sizing of electrical equipment, including the HTEF stepdown transformer. The load-flow analysis shows 

the 140 MVA top rating of the H2 plant stepdown transformer is sufficient to carry the full load of the 

HTEF. The thermal load and voltage drop across the 0.5-km high-voltage transmission line is not 

significant. A typical transmission conductor sizeðsuch as a 795 kcmil Drake aluminum conductor, steel 

reinforced (ACSR) or higher, based on common transmission practices in the areaðis recommended. 

The voltage-drop analysis performed with the ETAP model shows that the hydrogen-plant stepdown 

transformer does not require an on-load tap changer if the transmission voltage is maintained within 

approximately a ±2.5% bandwidth. Per NUC-001, this applies to NPPs that operate per a voltage schedule 

and to NPPs that require strict voltage regulation for offsite power (assuming the offsite power source is 

supplied from the same location in the transmission system). In this case, a standard de-energized tap 

changer (with taps at ±5%, ±2.5%, and 0%) on the high-voltage winding provides flexibility to adjust the 

high-voltage winding voltage based on the target transmission-system operating voltage. An on-load tap 

changer on the HTEF stepdown transformer would provide additional flexibility for locations where the 

transmission systemôs operating voltage may vary over a wider range and for locations where the 

hydrogen facility may operate while the NPP is in a refueling outage. 

2.1.3.7 Protective relaying design  

The electrical tie-in of the HTEF has a non-negligible impact on the NPP protective-relaying scheme. 

The relay protection single-line diagram in Appendix H shows the design of the conceptual protective-

relaying scheme. In this design, the existing main GSU-transformer differential-protection scheme is 

restrained from operating for a fault on the high-voltage transmission line by summing a set of bushing 

current transformers (CTs) from the new high-voltage circuit breaker with the existing switchyard CTs. 

This arrangement turns the transmission line to the NPP into a three-terminal line. Note that this requires 

careful evaluation of the existing CTs and relaying scheme to ensure that the new CTs on the high-voltage 

circuit breaker are properly matched (including CT ratio and accuracy class) and the scheme will function 

properly. In some instances, it may be required to upgrade the existing transformer or line protection 

package to a microprocessor-based relaying scheme to mitigate mismatch between the existing and new 

CTs. Additionally, the trip output of the existing line and GSU-transformer protection scheme should be 

tied into the trip circuit of the new high-voltage circuit breaker protecting the line to the HTEF. 

The high-voltage transmission line to the HTEF is protected by redundant microprocessor-based line-

current differential (87L) relays. This scheme requires four redundant line-current differential relays, two 

on each end of the transmission line. Each pair of relays communicates via fiber-optic over the 

transmission-line optical ground wire (OPGW). High-speed protection is required per North American 

Electric Reliability Corporation (NERC) protection requirements for bulk electric system (BES) elements 

and to ensure the NPP generator remains stable should a fault occur on the transmission line. To ensure 

the stability of the NPP generator during fault clearing, the total clearing time of the line-protection 

package needs to be less than the critical clearing time identified in the transient stability analysis. 

Additionally, breaker failure protection must be implemented so that the switchyard breakers or the 

generator circuit breaker (if the NPP is equipped with a generator circuit breaker) trip in the event of a 

failure of the new high-voltage circuit breaker. 

The stepdown transformer to the HTEF is protected by redundant transformer-differential relays 

(87T). Overcurrent relays (50/51) are employed on the low-voltage windings for overload protection and 

backup overcurrent-fault protection. The redundant transformer differential relays (87T) and the 

overcurrent relays are located inside the HTEF. 
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It is important to note that, with this arrangement of the protection scheme, the only additional 

exposure for the NPP generator for a single failure is the very short length of conductor bus from the 

electrical tap point to the new high-voltage breaker. The length of this bus should be as short as practical 

to minimize additional exposure. There is no impact on the reliability of the offsite power circuits. 

Table 4 shows the required trip logic for different fault locations following the electrical tie-in of the 

hydrogen plant. 

Table 4. Electrical-fault-condition trip logic. 

Fault Location Initial Trip Device 

H2 Breaker Failure Trip 

Device 

Existing high-voltage 

line and line tap to 

new high-voltage 

circuit breaker 

Existing high-voltage switchyard circuit 

breakers 

Generator circuit breaker (if equipped) 

New high-voltage circuit breaker 

None 

New high-voltage line 

to HTEF 

New high-voltage circuit breaker 

New high-voltage stepdown transformer 

circuit breaker 

Existing high-voltage 

switchyard circuit breakers 

Generator circuit breaker (if 

equipped) 

HTEF transformer New high-voltage stepdown transformer 

circuit breaker inside the HTEF 

New high-voltage circuit 

breaker 

 

2.1.3.8 Electrical -transient analysis  

An electrical-transient analysis was performed to evaluate the impacts of a trip of the hydrogen plant 

load on the existing NPP generator using PSCAD software. The ETAP model is described in 

Section 2.1.3.6 on the electrical short circuit and load-flow/voltage-drop analysis. The model consists of 

the following components: 

¶ A representation of the surrounding high-voltage transmission system, including dynamic-boundary 

bus source to capture governor response to a loss of large load in the area 

¶ The NPP synchronous generator, including the AVR and governor-control models 

¶ The NPP main GSU transformer 

¶ The 0.5-km high-voltage transmission line to the HTEF 

¶ The HTEF stepdown transformer 

¶ Lumped loads to represent the loading at the HTEF. 

The PSCAD model was used to simulate a trip of the hydrogen-plant load under both faulted and 

unfaulted conditions. It is conservatively assumed that during the event, the turbine mechanical power 

will not ramp down in response to the transient; rather, it will  remain constant. Therefore, upon the trip of 

the HTEF, the excess power from the NPP generator is injected into the transmission system. The model 

shows that for a 105-MWe electrical load with 10% auxiliary power and margin, the NPP generator 

remains stable for both faulted and unfaulted trips of the HTEF. During an unfaulted trip of the line, the 

generator exhibits a slight increase in mechanical speed (<0.02%), which is followed by damped 

oscillations. The mechanical transient decays within 10 seconds. After the hydrogen facility load is 

tripped, there is a slight increase in grid voltage (<0.5%) due to the loss of load. The generator-excitation 

system responds to reduce the field current and return the grid voltage back to the pre-trip value. For a 

faulted trip of the HTEF load, the simulations show that a three-phase fault on the high-voltage 

transmission line must be cleared within 0.2 seconds to ensure the generator remains stable. For a 

three-phase fault on the high-voltage transmission line, cleared in 0.2 seconds, the generatorôs mechanical 
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speed increases by approximately 2% during the fault. After the fault is cleared, there are several 

oscillations in generator speed as the mechanical transient decays within 10 seconds. The generator-

excitation system responds by increasing the field current during the fault and subsequent voltage 

recovery. After the voltage recovers, the excitation system restabilizes within several seconds. Note that 

the generator response during a faulted trip of the high-voltage transmission line is comparable to the 

response expected for a fault on any other transmission line connected to the high-voltage switchyard. 

Additional sensitivity analysis was performed to determine the maximum power that could be 

transmitted radially from the NPP to the nearby HTEF without impacting the stability of the NPP 

generator during a loss of load. The additional runs show that the H2 plant load can be increased up to the 

maximum output power rating of the generator without causing the generator to become unstable 

following a trip of the high-voltage transmission line feeding the hydrogen facility, either with or without 

a fault. Note that this model is based on typical plant and transmission-system data, which may not be 

representative of the available capacity for all plants. To lessen the impact on the grid during a 

high-voltage line trip for larger loads (near the rating of the generator), the H2 plant loads may be 

accommodated by using redundant transmission lines and stepdown transformers to distribute the load 

across multiple circuits. Note that redundant lines should not have a common failure mode such as using 

multicircuit transmission towers. 

2.1.3.9 Bulk electri c system r egulatory impacts  

The high-voltage transmission line supplying the HTEF is classified as a BES element because the 

line is connected to a radial system with a generator that has a gross individual-nameplate rating greater 

than 25 MVA and a voltage of 100 kV or above. Note that the BES classification includes only the 

high-voltage transmission line and excludes the stepdown transformer supplying the HTEF. The BES 

classification subjects the transmission line and connected facilitiesðe.g., circuit breakers, disconnect 

switches, instrument transformers, and protective relaysðto compliance with NERC Reliability 

Standards. Table 5 provides a summary of the applicable reliability standards. Note that the NPP is 

already subjected to the following standards. 
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Table 5. Applicable NERC Reliability Standards. 

Number Title Description 

CIP-014 Physical Security Physical security of the line and switchyard must 

be maintained to mitigate a physical attack that 

could result in instability of the nuclear facility. 

FAC-001 Facility Interconnection 

Requirements 

The reliability impacts of the interconnection of 

the facility must be studied to ensure no negative 

impacts on the generator. 

FAC-008 Facility Ratings The high-voltage transmission facility ratings and 

rating methodology must be documented and 

maintained. 

MOD-032 Data for Power System Modeling 

and Analysis 

Steady-state, dynamic and short-circuit modeling 

data must be maintained and communicated with 

the transmission owner. 

PRC-005 Transmission and Generation 

Protection System Maintenance and 

Testing 

A protection system maintenance and testing 

program shall be maintained. 

PRC-023 Transmission Relay Loadability The protective relay settings shall be reviewed to 

ensure they do not affect line loadability. 

PRC-027 Coordination of Protections Systems 

for Performance During Faults 

The transmission-line protection shall be 

coordinated with the generator and transmission 

owner. A baseline short-circuit study shall be 

maintained. 

TPL-001 Transmission System Planning 

Performance Requirements 

The relay protection systems shall be redundant 

such that failure of a single relay system does not 

impact the generator. 

 

2.1.4 Instrumentation and Controls  Design  

2.1.4.1 Operator -control  capabilitie s 

As described in Section 4.1, the NPP supplies two principal components for the HTE process: 

(1) cold-reheat steam from the HP turbine exhaust and (2) 345-kV electrical power. NPPs are usually 

loaded to 100% capacity; hence, the steam and electrical supplies to the HTEF are expected to contribute 

to this total. As with any plant system, it will be important for the NPP control-room operators to have 

indications of the HTEF supply parameters and system conditions. This information is needed to 

effectively evaluate HTEF contributions to overall NPP operation and take any necessary actions. Actions 

that the operators may need to take include the ability to start and stop steam supply and electrical power 

to the HTEF. Additional guidance for the implementation of the control system can be found in 

Appendix K. 
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To facilitate HTEF operation, a dedicated set of operator controls with remote human-machine 

interface (HMI) will be provided. The HMI will allow for control, indication, and alarm of the H2 power 

line and steam supply. These controls will be electrically and functionally isolated from NPP controls, but 

the remote HMI will be collocated in the NPP main control room. Existing plant fiber-optic infrastructure 

will be used to communicate between the HMI and equipment associated with H2 power line and steam 

supply. This permits the status of the HTE process parameters to be available to NPP control-room 

operators to evaluate the impact of HTEF loading on NPP operation. It also allows necessary on and off 

control for operators to enable or isolate the HTEF supply-steam and electrical power. Additional 

indication and controls will be provided locally to the HSS equipment. 

The operator should be trained in operating the power and steam supplies from the NPP to the HTEF 

using the new standalone HMI. A special procedure should be prepared for this operation. 

2.1.4.2 Available process parameters for monitorin g 

The following process parameters are expected to be available to allow plant personnel to monitor 

performance of the thermal- and electrical-extraction systems: 

¶ Electrical power consumption on the plant computer-logging system 

¶ Steam flow diverted from the plant on the plant computer system (for plant performance engineer) 

¶ HSS equipment trouble alarm in main control room 

¶ Hydrogen plant trip or fire alarm in main control room. 

2.1.4.3 Response to faulted conditions  

An understanding of how the plant and equipment will respond to postulated faulted conditions is 

critical when moving forward with a design change to plant equipment. The following is a summary of 

potential failure modes of the installed thermal and electrical-extraction components and a brief 

description of the plant and operations response to ensure that the plant can be maintained in a safe 

condition: 

¶ Extraction-steam leak to reboilerðResponse depends on the severity and location of leak. If possible, 

extraction-steam line is isolated through manual or remote closure of the steam admission valve to the 

reboiler. Without extraction steam supply, H2 plant shutdown would occur. If isolation is not possible, 

manual trip of the NPP would occur, similar to the response to an unisolatable main steam line leak. 

¶ Process-steam leak to HTEFðLeak can be isolated through manual closure of process-steam supply 

valve leaving the reboiler. H2 plant shutdown would occur. The NPP turbine generator would pick up 

load, and the grid would absorb the additional load. 

¶ Reboiler drain valve fails closedðThis should not occur because the valve is set to fail open. 

However, if this event were to occur, reboiler drain level would rise in the reboiler. Either the 

extraction steam-supply valve would close on high-high level or an emergency dump valve would 

open to the lower level. 

¶ Reboiler drain valve fails openðLevel in the reboiler would drop and, potentially, steam would be 

passed to the condenser. An automatic comparison of level-to-valve position could be implemented to 

close the steam admission valve. 

¶ Extraction-steam supply valve fails openðThis should not occur because the valve is set to fail 

closed. However, if this event were to occur, the design pressures of both sides of the reboiler are 

equal to or greater than the steam conditions. The amount of condensation would be controlled by 

demand from the HTEF. The condensate level would be controlled by the condensate drain valves. 

With normal operation of the reboiler feed supply, the plant would continue to operate normally. 
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¶ Extraction-steam supply valve fails closedðThe reboiler level would fall; the condensate-drain line 

would control the level by closing down. Process steam to the HTEF would cease flowing, and the H2 

plant would shut down. The closure of the steam line would divert the steam flow to the turbine. The 

turbine-steam admission valve would either slightly close or the generator would produce more 

power, which would be absorbed by the grid. 

¶ Rapid trip of HTEFðSteam demand from the NPP to the HTEF would cease, the level on the 

hydrogen-side of the reboiler would increase, and the supply-water admission valve would close in 

response. This would remove cooling from the plant-side of the reboiler, and steam condensation 

would decrease. The condensate-drain valve would close to maintain the level until it completely 

closed. The steam that would have gone to the reboiler would be available to the low-pressure 

turbines. Either the turbine admission valve would throttle down or more power would be supplied to 

the grid. 

¶ Short in high-voltage lineðOvercurrent protection, as discussed in this report, would trip the 

hydrogen plant, and the balance of the transient would be like the rapid trip of the hydrogen plant. 

¶ Open in high-voltage lineðAn open in the high-voltage line would trip the HTEF, and the NPP 

would respond in the same manner as a rapid trip of the HTEF. 

2.1.4.4 Design -attribute  review  

A strategic plan called ñDelivering the Nuclear Promise: Advancing Safety, Reliability and Economic 

Performance,ò was developed to ensure the financial viability of the commercial nuclear power industry 

through a partnership of U.S. nuclear utilities. The Nuclear Strategic Issues Advisory Committee created 

a series of initiatives related to the Delivering the Nuclear Promise plan. One of the initiatives was 

development of a standard process to streamline design changes for plants through adopting a 

standardized process, applying a graded approach to modifications, and alleviating some of the 

administrative burden associated with the existing processes. 

The Design Oversight Working Group developed industry procedure IP-ENG-001, ñStandard Design 

Processò [21], which was subsequently adopted by the industry because of this initiative. Consistent with 

its stated goals, the procedure provides a graded approach for selecting from multiple types of engineering 

changes (e.g., commercial, equivalent, and design change), which streamlines the modification process. 

When performing an engineering change in accordance with IP-ENG-001, the responsible engineer 

completes a design-attribute review (DAR), which is a series of questions that aids in the identification of 

impacted disciplines, stakeholders, and programs. As part of the preconceptual design, a sample DAR has 

been completed [Appendix J]. While this effort must be performed on a plant- and design-specific basis 

when performing a similar modification, the information is provided as an example to guide the process. 

Key design attributes to consider are discussed below. 

2.1.4.5 Electrical  

This conceptual design covers the installation of 0.5 km of 345-kV transmission line between the 

GSU transformer and the HTEF. A 345-kV high-voltage circuit breaker and two associated disconnect 

switches, potential transformers (PTs), and transmission-line tower will be installed in the plant protected 

area or the yard area, depending on available space around the GSU transformer. A stepdown transformer 

345-13.8 kV, with two disconnect switches, will be installed at the end of the transmission line in the 

HTEF. 

¶ The control/indications of the 345-kV circuit breaker and indication only for the breaker-associated 

disconnect switches for the H2 transmission line are from the main control room. All the required 

protective relays for the H2 power line are located in the plant relay room. The local control and 

monitoring for the electrical equipment associated with the H2 steam line, such as a water pump, are 

from the main control room. A standalone HMI for control and indications of the H2 power line and 
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steam supply is available in the main control room, using existing fiber-optic infrastructure in the 

plant to communicate between the HMI and equipment associated with H2 power line and steam line. 

¶ CTs at the H2 feeder high-voltage circuit breaker will be brought back into the existing GSU-

transformer differential relays to cover the new high-voltage breaker within their zone of protection. 

Interface with the existing plant-tripping scheme of the existing GSU-transformer differential relays 

is required. 

¶ Low-voltage AC power (480 VAC) is supplied from the plant AC auxiliary power system to HSS 

equipment for the reboiler feed pump. Also, 125 VDC is supplied from the plant for the high-voltage 

breaker control and protective relay circuits. 

¶ The installation of a new power line to supply power to the HTEF has no effect on the switchyard 

voltage, breaker alignment, generator AVR loading, or status of offsite power voltage-regulating 

devices. 

¶ All added electrical equipment and the towers for the transmission line are connected to the stationôs 

grounding. 

¶ The added power cables (480 VAC and 125 VDC) and CT cables in the TB should meet plant design 

and materials requirements. The added cables require evaluation against the plantôs fire requirements 

or raceway capacity. 

¶ The load-flow analysis demonstrates the change in the switchyard voltage due to the addition of the 

105-MWe load plus auxiliaries is negligible. As such, there is no impact to generator volt-amps 

reactive (VAR) loading, which is controlled based on switchyard voltage. 

¶ The switchyard breaker alignment is not impacted by the addition of the new high-voltage line to the 

hydrogen plant because the new high-voltage line is protected by a new high-voltage circuit breaker 

downstream of the tap point. The only additional exposure for the NPP generator and switchyard 

breakers to trip for a single failure is for a fault on the very short length of the conductor bus from the 

electrical tap point to the new high-voltage breaker. The length of this bus work is designed as short 

as practical to minimize the additional exposure. 

¶ Generator electrical characteristics are a function of the synchronous machine design and construction 

and are not impacted by the addition of the hydrogen production facility. The impact is comparable to 

the addition of a new line or load fed directly from the transmission switchyard. 

¶ The hydrogen production facility is physically and electrically separated from the offsite power feed. 

Therefore, there is no impact to offsite power loading for the post-trip scenario. 

¶ The load-flow analysis demonstrates the change in the switchyard voltage from the addition of the 

105-MWe electrical load plus auxiliaries is negligible. Therefore, the status of offsite power voltage 

regulating devices is not impacted. 

2.1.4.6 Instrumentati on and controls  

The use of digital controls is an integral component of the proposed coupling of an HTEF to an NPP. 

Standard Design Process IP-ENG-001 directs that any NPP modification that involves digital equipment 

must assign a digital engineer in accordance with Nuclear Industry Standard Process NISP-EN-04, 

ñStandard Digital Engineering Process.ò This procedure supplements the Standard Design Process by 

addressing additional engineering activities applicable to modifications involving programmable 

electronic equipment. 
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¶ A goal of the proposed design is to minimize the modification of existing digital controls, or the 

addition of new digital components, to the NPP. This is accomplished through use of a dedicated set 

of operator controls and remote HMI. The DAR process will identify and document the appropriate 

design inputs and bounding technical requirements. A determination must be made to classify the 

digital controls components to determine whether the requirements of NISP-EN-04 apply. 

¶ For digital controls subject to meeting these requirements, additional engineering activities are needed 

to demonstrate compliance. These additional activities are described and explained in Electric Power 

Research Institute (EPRI) 3002011816, ñDigital Engineering Guide.ò 

¶ Adopting nuclear cybersecurity rules for those components installed at the HTEF may impose 

additional costly and unnecessary requirements. Commercial cybersecurity may be used in lieu of 

nuclear cybersecurity depending on component locations, digitalization of vendor-procured 

instrumentation and controls (I&C), and impacts on plant safety, among other considerations. 

Site-specific reviews should be conducted to determine whether hydrogen projects demand nuclear 

cybersecurity requirements. 

2.1.4.7 Mechanical  

This modification includes a range of new mechanical components that will be added to the plant, 

including manual valves, check and relief valves, control valves, a heat exchanger (reboiler), a pump, a 

tank, and steam traps. Inclusion of these components involves hydraulic considerations such as pump 

sizing, available net-positive suction head (NPSH), fluid velocity, pressure drop, American Society of 

Mechanical Engineers code requirements, and system design conditions (temperature and pressure). 

¶ Detailed design of the discharge piping for the reboiler feed pump should consider the potential for 

vibration. Use of industry best practices, such as short vent/drain cantilevers and 2-1 socket weld 

profiles, should limit the potential for piping-vibration susceptibility. Post-modification testing will 

validate the adequacy of the design. 

¶ Steam piping and drain piping installed by this modification require analysis to evaluate expected 

primary and secondary pipe stress. Provisions for thermal flexibility (expansion loops) will be 

required in the steam piping routed to the HTEF. Nozzle reaction loads require evaluation to 

vendor-supplied nozzle allowables. 

¶ Pipe-support design will be informed by pipe-reaction loads output from stress analyses. 

¶ Depending on the local climate, freeze protection may be required for demineralized-water piping 

when above ground and for the demineralized-water storage. 

¶ Piping installed by this modification includes saturated steam and saturated water and; therefore, it 

should be evaluated for inclusion in the plant flow-accelerated corrosion (FAC) program. Portions of 

the drains piping from the reboiler to the condenser could include two-phase flow and should be 

evaluated for potential erosion concerns. 

¶ The reboiler will require pressure relief. Considerations include relieving the pressure setpoint, 

relieving capacity, and code requirements. 

¶ Air -operated valves included in this modification are expected to use the plant instrument air system. 

This impact requires evaluation to ensure that the system maintains adequate positive operating 

margin. 

¶ Based on site-specific analysis results, impacts on reactivity will require assessment due to potential 

changes in final feedwater temperature and expected transient associated with a fault at the H2 facility 

or control failure of the steam/drains piping flow. No significant impacts are anticipated based on the 

thermal analysis and transient discussions previously provided. 
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¶ Water- or steam-hammer effects should be considered for system transients and for system startup 

(e.g., introducing steam into a cold pipe). It is noted that adequate steam-pipe drainage is critical with 

such a long run of outdoor steam pipe. Several drain pots may be needed along the pipe route and at 

low points to avoid water slug accumulation that could cause water or steam hammer. 

¶ Provision for venting and draining piping and equipment will be required. 

¶ The design should include the ability to sample the dispatched steam (or, at a minimum, the reboiler 

blowdown) to ensure that the steam flowing to the HTEF does not include radiological contamination. 

¶ A new condenser connection will be added with this modification. Protection of condenser internals 

(e.g., tube impingement) should be considered when choosing the connection location, baffle, or 

sparger design, etc. Impacts to nozzle loading on the condenser walls need to be evaluated. 

2.1.4.8 Structural  

¶ Pipe supports are required for steam and drain piping, including pipe supports to route steam piping 

0.5 km to the HTEF. 

¶ Foundation designs are required for HSS equipment, transformers, disconnect switches, circuit 

breakers, etc. 

¶ The addition of the demineralized-water tank should be evaluated as a potential flood source. 

2.1.4.9 Programs  

¶ The piping added to the MS and secondary drains system will need to be evaluated against FAC 

program criteria. 

¶ The fire protection program should consider the impact of new cables and conduits on combustible 

loading. Additionally, the location of the HSS equipment will require review for accessibility by the 

fire brigade. 

¶ The heat exchanger (steam reboiler), relief valves, check valves, and air-operated valves will need to 

be added to the FAC and fire-brigade program criteria. 

¶ The welding required by the modification should be reviewed by the material compatibility and 

welding programs. 

¶ The NERC program should review the impacts of the modification. The protective relays of the H2-

transmission line will interface with the plant existing generator and GSU-transformer differential 

relays to cover the new high-voltage breaker within their zone of protection. 

2.1.4.10 Stakeholders  

¶ Because the PRA model is affected by the modification, PRA is required as a stakeholder 

¶ System Engineering, Operations, Training, and Maintenance groups are required as stakeholders due 

to the new equipment added to the plant 

¶ The high-voltage aspects of the modification require Industrial Safety and Transmission as 

stakeholders 

¶ Site-specific design may include transmitting information to the plant computer 

¶ Security will be required as a stakeholder for the modification due to the installation of HSS 

equipment within the protected area. These items affect line-of-sight and lighting in the area. 

It should be noted that routing the 12-in. steam piping from within the station protected area to the 

HTEF does not meet the definition of a three-dimensional pathway, as defined in NEI 09-05 [21]; 
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therefore, it will  not require a physical barrier or intrusion detection. Site-specific security input will be 

used in the design of pipe routing through protected-area fencing. 

Site security may also take actions to accommodate the additional personnel and vehicles needed 

onsite if the HTEF happens to be located within the OCA. 

The DAR provided in Appendix J and summarized above has not identified any concerns or obstacles 

beyond what would be expected for a typical nuclear modification of this magnitude. One key area of 

note, however, is the consideration of impacts on security as a stakeholder routing electrical and 

mechanical commodities across the protected-area boundary is not typical of general plant modifications. 

2.1.4.11 Considerations of alternate designs  

These considerations are not included in this report. See Ref. [19]. 

2.1.5 Additional Design Options and Considerations  

2.1.5.1 Additional circuit breaker  

An alternative option for H2-line protection and the minimization of a single-point vulnerability 

(SPV) is the installation of two 345-kV circuit breakers in series to protect the hydrogen power line. This 

design prevents a generator trip; if one of the 345-kV breakers fails to trip and clears the line fault, the 

second breaker can trip before the generator protection trips. This option depends on the protection 

philosophy of the NPP and available land. 

2.1.5.2 Shell -and-tube reboiler option  

The design presented in this section uses a welded plate-and-frame heat exchanger as the extraction-

steam reboiler. Other heat exchangers may also be used at the discretion of the plant. Discussions with 

different heat exchanger vendors have revealed that a kettle-style shell-and-tube reboiler may provide an 

alternate design solution. The kettle-style design simplifies the HSS arrangement by removing the need 

for an external steam drum at the expense of a larger physical footprint when compared to the welded 

plate-and-frame heat exchanger with a steam drum. The cost of this option is comparable to the welded 

plate-and-frame design; therefore, the option should be considered during detailed design. 

In Section 3.1.5.2, a kettle-style shell-and-tube reboiler is used to illustrate the feasibility of the 

design implemented within the 500-MWnom preconceptual design. The contrasting complexity and size of 

these designs are illustrated through the respective P&IDs and physical reboiler arrangements 

(Appendix A). 

2.1.5.3 Chrome -moly bdenum  or stainless  steel steam piping to H 2 facility  

In this section, carbon-steel piping is used to provide reboiler steam to the HTEF (refer to 

Section 2.2.2). Extended use of carbon steel under expected conditions may increase refurbishment or 

replacement frequency and could require the installation of a filter before the SOECs to avoid rust 

contamination. To reduce contaminants, alternative piping materials may be used. Both chrome-moly and 

stainless-steel piping are reasonable choices, which would reduce corrosive wear at the expense of higher 

material and labor costs. All piping selections in the plant protected area should follow nuclear piping 

codes and standards. 

2.1.5.4 Net Metering in place of 100 -MWnom  electrical dispa tch  

Net metering uses several revenue meters in the power plant to measure power delivered in different 

areas and on separate transmission lines. An NPP can use net metering to supply energy to the HTEF 

behind the meter, avoiding the restrictions of a poorly placed revenue meter that would require power to 

be supplied to the grid before it reaches the HTEF. 

NPP revenue meters are installed in different locations depending on the plant. They can be located 

inside TBs, on the high-voltage side of the GSU transformer, or out in the switchyard. The power line for 
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the hydrogen facility supply should be tied in behind the NPPôs revenue meters. If a plantôs revenue 

meters are located inside the TB or immediately after the GSU transformer, net metering should be 

considered. 

The NPP and associated grid operators should have discussions early in the process to reach 

agreement regarding the tie-in location of the connecting point of the H2 feeder. NPPs should consider net 

metering if they have limitations connecting the hydrogen feeder before the plant existing revenue meter. 

2.1.5.5 Decreased separation between NPP and HTEF 

The 500-m separation selected for this design was based on a generic PRA, assuming a large 

hydrogen detonation from a production facility approximately five times larger than this 100-MWnom 

design (see Ref. [19] Section 3.3.2). There is a strong likelihood that relocating the 100-MWnom HTEF 

adjacent to the NPP would be safe and would adhere to regulatory requirements, with the further addition 

of barriers or protective measures as needed. Decreasing the separation between the NPP and HTEF 

provides one cost-saving strategy since thermal piping and electrical transmission costs are reduced. 

Based on expected spacing of components within the protected-area boundary and the HTEF boundary, 

the minimum separation distance is anticipated to be approximately 250 m. 

Section 4.3 illustrates the cost difference between this reduced separation option and the original 

500-m spacing. Note, the location of the HTEF is highly dependent on available land and on the location 

of plant equipment, including the switchyard. Section 5.3 discusses siting limitations for the hydrogen-

production facility. 

Detailed cost breakdowns for the integrating a PWR with a 100-MWnom HTEF with standoff distances 

of 250 and 500 m can be found [19; Attachment L]. Appendix I provides a detailed cost breakdown for 

500 MWnom HTEF option located 500 m from the NPP. Appendix B illustrates potential site arrangements 

for these options. 

2.2 Major  Equipment Required for Preconceptual Design  

Equipment sizing is presented in the following sections based on the thermal and electrical analyses 

discussed in Sections 2.1.2 and 2.1.3, along with analyses included in Appendices C through G. As a site-

specific project moves into the detailed design phase, the considerations for final pipe sizing and location 

of major equipment would be evaluated with a focus on constructability and overall integration cost. 

Further design optimization related to the delivered temperature and pressure of the steam extracted 

from the NPP can be performed based on the site-specific requirements to enable the least cost of the NPP 

auxiliary equipment and connection commodities. Additionally, site-specific research into the location of 

the hydrogen plant with respect to the NPP may provide avenues for cost optimization through the 

reduction of electrical transmission, steam piping, and demineralized-water commodities. Continued 

optimization of this preconceptual design could drive further cost reductions. 

2.2.1 Reboiler Sizing  

Performance parameters for the steam reboiler are determined using the PEPSE analysis provided in 

Appendix C. Sizing information for input to reboiler vendors is provided considering 25-MW th thermal 

power extraction in Table 6. Note that the parameters in Table 6 are at the connections to/from the 

reboiler. 
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Table 6. Reboiler sizing parameters for 25-MW th power extraction. 

Connection Location Mass Flow Rate Temperature Pressure 

Steam Supply from Cold Reheat 85,238 lbm/hr 364 °F 161 psia 

Drain to Main Condenser 85,238 lbm/hr 120 °F by Vendor 

Demineralized-Water Supply 73,777 lbm/hr 60 °F 140 psia 

Steam Supply to H2 Production 

Facility 
73,777 lbm/hr 350 °F 120 psia 

 

2.2.2 Piping and Reboiler -Feed-Pump Sizing Summar y 

Adding the hydrogen production facility to the existing NPP requires sizing of the various pipelines, 

which is performed based on the 25-MW th thermal extraction. Steam pipe sizes are determined in 

Appendixes D and E. Water-pipe sizes are determined in Appendixes F and G. Additionally, the reboiler 

feed pump is sized, and the reboiler drain-control-valve conditions are determined. 

The results of pipe sizing are summarized as follows: 

¶ Extraction steam piping to the H2-plant steam reboiler (Appendix D) 

Pipe size of 10-in., standard thickness (STD)-schedule carbon steel, 240 ft long was modeled, 

resulting in a maximum steam velocity of ~120 ft per second (ft/sec). Design pressure of 250 psig and 

design temperature of 400°F were selected to envelop the steam conditions. 

¶ Process steam piping to the HTEF (Appendix E) 

Pipe size of 12-in., STD-schedule carbon steel, 1750 ft long was modeled from the steam boiler to the 

H2 plant, resulting in a maximum steam velocity of ~130 ft/sec. Design pressure of 150 psig and 

design temperature of 400°F were selected to envelop the steam conditions. 

¶ Reboiler feedwater pump and piping (Appendix F) 

For the pump discharge, a pipe size of 2.5-in., STD-schedule carbon steel, 240 ft long was modeled, 

resulting in a maximum water velocity of approximately 10 ft/sec. In the actual design, stainless steel 

was used. Later refinement of this design reduced this pipe length to ~50 ft (refer to Ref. [19, 

Attachment K]). Design pressure of 250 psig and design temperature of 150°F were selected to 

envelop the water conditions, including an additional 50% in pump-head rise to shutoff conditions. 

For the pump suction, a 3-in. pipe size (one size larger than the discharge to lower suction velocity 

was selected), STD-schedule carbon steel, 40 ft long was modeled, and it resulted in a maximum 

water velocity of approximately 6.4 ft/sec. Stainless steel was used in the actual design. Design 

pressure of 50 psig and design temperature of 150°F were selected to envelop the water conditions. 

¶ Pump size 

Pump sizing is based on the nominal flow rate of 147.5 gpm and the nominal carbon steel pipe 

characteristics, resulting in a required pump total developed head of approximately 379 ft, requiring 

approximately 18 hp. 

¶ Drain piping from the reboiler to the main condenser (Appendix G) 

The drain-pipe size of 3.5-in., STD-schedule carbon steel, 220 ft long was modeled, resulting in a 

maximum water velocity of approximately 5.6 ft/sec. In the actual design, stainless steel was used. 

Design pressure of 200 psig and design temperature of 400°F were selected to envelop the drain 

conditions. 
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¶ Drain control-valve size 

The drain control-valve sizing results in the following requirements: 

- Drain flow:  85,238 lbm/hr (~172 gpm) 

- Valve differential pressure: ~155.7 psid 

- Valve inlet pressure: ~158 psia. 

Note that due to a very high valve differential pressure, there is a high potential for valve flashing and 

cavitation; therefore, a severe-duty drain control valve should be considered for this application and 

for an internal baffle plate to protect condenser internals. 

2.2.3 Demineralized -Water Storage Requirement  

Onsite storage of demineralized water provides reserve capacity for periods when supply flow from 

the H2 facility RO system is unavailable. The appropriate onsite capacity of stored demineralized water is 

at the discretion of plant engineering and management to ensure continued operation during maintenance 

evolutions, for example. This decision would likely consider the length of time that the HTEF is expected 

to be in use, the expected availability of the RO water supply, and upfront costs associated with 

installation of a large storage tank. The size (and therefore capacity) of the tank may also be limited by 

the available space near the H2 steam reboiler, where a tank could be located. For this preconceptual 

design, a reserve capacity of 110,000 gallons was chosen. Appendix C shows that a demineralized-water 

flowrate of approximately 150 gpm is required to generate the desired steam flow to the HTEF. 

Therefore, a storage tank of 110,000 gallons would provide reserve capacity for approximately 8ï

12 hours of continuous operation. A tank of this size could be approximately 25 ft in diameter and 

30-ft tall. 

2.2.4 Major Equipment Lis t 

The major equipment required to implement the preconceptual modification as described in this 

report is summarized in Table 7. This listing is not intended to be all-inclusive, but to provide a high-level 

understanding of the major equipment needed in the design. Depending on site-specific design and 

configuration, additional commoditiesðsuch as tubing, small-bore piping, cable, and conduitðmust also 

be considered. Materials needed for piping supports, transmission towers, among others are also excluded 

from this equipment list, but are included in the cost estimate in Appendix I. 

Table 7. Major equipment needed for 100 MWnom integration design. 

No. Item Quantity Description/Notes 

1 Steam Reboiler 1 Refer to Section 4.3.1 for sizing 

information 2 Drain Cooler 1 

3 Steam Drum Tank 1 Approximately 4 ft diameter 

4 Drain Receiver 1 Approximately 2 ft diameter 

5 Demineralized-Water Storage Tank 1 10,000-gallon capacity 

6 Reboiler Feed Dump 1 150 gpm at 380 ft TDH (@ 18 hp) 

7 8-in. Steam Dispatch Air-Operated FCV 1 ð 

8 10-in. Non-Return Valve 1 ð 

9 10-in. Steam Manual Isolation Valves 3 Double isolation from crossunder 

pipe and isolation at reboiler 

10 3.5-in. Air -Operated Level Control Valve 1 Refer to Section 2.2.2 for design 

conditions 
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No. Item Quantity Description/Notes 

11 2.5-in. Air -Operated Level Control Valve 1 Refer to Section 2.2.2 for design 

conditions 

12 10-in. Self-Contained Backpressure-

Regulating Valve 

1 ð 

13 12-in. Steam Manual Isolation Valves 3 Isolation at reboiler and 

upstream/downstream 

14 10-in. Carbon-Steel Piping with Fittings ~240 ft. Schedule STD 

15 12-in. Carbon-Steel Piping with Fittings ~1800 ft. Schedule STD 

16 2.5-in. Stainless Steel Piping with Fittings ~50 ft. Schedule STD 

17 3 in.-Stainless Steel Piping with Fittings ~40 ft. Schedule STD 

18 3.5 in.-Stainless Steel Piping with Fittings ~220 ft. Schedule STD 

19 3 in.-HDPE Piping with Fittings ~1800 ft, Schedule 40 

Electrical 

1 345-kV MOD Switch 2 45 kA short circuit 

2 345-kV high-Voltage Circuit Breaker 1 45 kA short circuit 

3 Transmission Towers for 345-kV Line 6 ð 

4 Coupling Capacitor Voltage Transformer 3 345 kV/120V 

5 Protective Relay 50BF 1 ð 

6 Breaker Failure Lockout relay 86BF 1 ð 

7 Line-Differential Protection Relay 411L/87 2 ð 

8 Line-Differential Protection Relay 311L/87 2 ð 

9 Line-Differential Lockout Relay 86 1 ð 

10 Revenue Meter 3 ð 

11 795-kcmil Drake ACSR with OPGW Shield 

Wire 

1600 m ð 
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3. 500 MWnom  HTEF DESIGN AND EQUIPMENT 

Note: Text that is substantially different from the 100 MWnom HTEF Design 

and Equipment (Section 2) is marked with italics. 

3.1 Design  

3.1.1 Description of Modification  

Similar to the 100-MWnom preconceptual design, process steam from the crossunder (cold-reheat) 

piping of the MS system will be extracted for the 500-MWnom design. Given the larger volume of steam 

needed, extraction is taken from two crossunder lines, one on each side of the HP turbine, to avoid 

turbine imbalances. Manual isolation is provided for both carbon-steel lines at the tap location before the 

lines combine into a common header inside the TB. After routing out of the building, the header branches 

into two lines to supply the steam to the HTEF in two independent, identical reboiler loops. Each line is 

equipped with a station instrument air controlled-FCV before passing into the respective steam reboiler. 

The FCVs are used to admit cold reheat steam to the HTEF during operation and to isolate the steam 

supply when the HTEF is not in operation. Isolation of the steam supply is performed through manual 

operation of the FCVs during the normal HTEF shutdown sequence or can occur automatically in the 

event of a turbine trip. During a turbine trip, an interlock tied to the turbine trip logic will isolate the air 

supply to the HTEF steam supply FCVs, causing the valves to close and isolate the steam supply to the 

HTEF. This isolation function is desirable due to the use of cold reheat steam as the supply to the HTEF. 

When a turbine trip occurs, this steam supply is no longer available for electrolysis. Isolating the steam 

supply supports the shutdown of the HTEF. Turbine trip logic is discussed further in Appendix K. 

The P&ID provided in Appendix A shows the arrangement of steam extraction for this 500-MWnom 

design. The two independent loops help to improve gradual startup of the system, reduce pipe sizing, and 

enable partial hydrogen production during system maintenance. Using a single reboiler loop would 

require larger, more-expensive equipment while increasing the potential for operating issues associated 

with startup and shutdown transients of the NPP and HTEF. 

The layout of the HSS equipment is the same as for the 100 MWnom HTEF design. 

The 345-kV transmission line (H2 feeder) and other electrical equipment for the HTEF is identical to 

that of the 100 MWnom HTEF design. A conceptual site plan showing the interfaces between the HTEF 

and the NPP is provided in Ref. [19, Attachment U]. 

3.1.2 Mechanical Design  

3.1.2.1 Selection of NPP steam-dispatch locatio n 

The heat-balance diagrams included in Appendix C illustrate the expected plant operating conditions 

when considering station operation without thermal extraction and station operation with 105-MW th 

extraction to the HTEF. As previously noted, it is expected that only approximately 100 MW th are 

required by the HTEF while the remaining 5 MW th are extracted to account for thermal losses and 

potential inefficiencies in the HSS system. 

The design conditions for the 105 MW th extraction system are the same as for the 25 MW th dispatch 

design, except as noted below. 

3.1.2.2 Selecti on of NPP drain -return  locatio n 

The preferred location selected to return the condensed drain flow is at the main condenser. The 

rationale is the same as for the 25-MW th dispatch design. 
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3.1.2.3 Thermal analysis  

A PEPSE heat-balance model of a reference 4-loop Westinghouse PWR NPP was used to determine 

the impact on the plant considering various levels of thermal extraction. The analysis methodology and 

approach are the same as for the 25-MW th dispatch design. Appendix C provides heat-balance drawings 

showing the impact to the NPP considering 105-MW th power-extraction levels. Table C-2 in Appendix C 

provides the station impact to significant parameters throughout the power cycle, considering 105-MW th 

power extraction. 

3.1.2.4 Impact on plant hazards 

Impact is the same as for the 25 MW th dispatch design. 

3.1.2.5 Evaluation of plant transient s 

The methodology and approach for the evaluation of plants transients are the same as for the 

105 MW th dispatch design. PEPSE heat-balance diagrams (shown in Appendix C) are developed to 

evaluate the impact of extracting steam from the nuclear power cycle to supply thermal energy to a 

reboiler unit used to preheat process steam for H2 production. Table 8 provides a summary of the 

important parameters for the 105-MW th extraction. Note that only parameters exhibiting some degree of 

change are shown. Other values, such as most system temperatures, show virtually no change. Additional 

details are presented in Appendix C. 

Table 8. Summary of important system parameters for 105-MW th extraction. 

Parameter Unit 

Extraction Level Total ȹ for 2 

Trains 0 MW th 105 MW th 

Reactor Thermal Power MW th 3659 3659 ð 

Generator Output MWe 1239.6 1217.2 -22.47 MWe 

Main Stream Flow Mlb/hr 16.28 16.28 0.00% 

Cold-Reheat Flow Mlb/hr 12.73 12.70 -0.20% 

105 MW th Thermal Extraction Flow lb/hr 0 355,193 ð 

Extracted Steam Fraction of Cold-Reheat 

Flow 
% 0 2.80 2.80% 

Remaining Steam to MSRs Mlb/hr 12.73 12.35 -2.99% 

Hot-Reheat Flow Mlb/hr 11.26 10.90 -3.18% 

Heater Drain Forward Temperature °F 339.7 337.0 -2.7°F 

HP FWH Cascading Drain Flow Mlb/hr 1.39 1.38 -0.92% 

LP FWH Cascading Drain Flow Mlb/hr 2.42 2.37 -1.72% 

Heater Drain Tank Pressure psia 185.5 179.5 -6.0psi 

NOTE: Cascading drain conditions are averaged. Individual FWH drain lines may have higher variations in conditions. 

Changes from 0 to 105 MW th are calculated in Microsoft Excel. There may be slight differences due to truncation of 

values when entering the values in the table. 
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As displayed in Table 8, the 105-MWth extraction from cold reheat requires 355,193 lb/hr 

(~177,597 lb/hr per train) of steam; this corresponds to approximately 2.80% (1.4% per train) of total 

cold-reheat flow. Normal startup of the HTEF involves startup of one reboiler train at a time, which 

requires opening of the steam-extraction line from cold reheat to the reboiler unit. This operation diverts 

a small portion, approximately 1.4% (for one train), of the total cold-reheat flow and reduces the hot-

reheat flow to the low-pressure (LP) turbines by approximately 1.6% (for one train). These changes result 

in a 22.4-MWe (11.2 MWe per train) reduction in main generator output, which represents approximately 

1.8% of the total generator output. 

It is also noted that the extraction of steam from the cycles, as described in this report, is 

operationally similar to an LP turbine bypass. Plants are typically designed with approximately 25% or 

more turbine-bypass capability, and plant transients are already analyzed with turbine bypass greater 

than the level of steam extraction described. Similarly, for normal shutdown (shutting one reboiler train 

at a time) of the H2 plant, the changes are relatively small and should not cause a significant burden on 

the existing plant operation. Only during an unexpected event, such as total loss of power to the HTEF, 

could a transient involving the shutdown of two reboiler trains at the same time be expected. However, 

even under this event, the impact on the nuclear plant is not of significant concern. Nuclear plant 

response to this type of transient is described in the next section. 

3.1.2.6 Impact on core reactivity  

The impact on core reactivity associated with extracting steam from the secondary cycle must be 

assessed for any plant-specific modification as described within this report. Based on 2.8% of secondary 

mass flow extraction, reactivity impacts are not anticipated to be insignificant. However, even sudden 

perturbations resulting from events at the HTEF should not exceed the capabilities of the normal NPP 

controls-system response. From a mechanical-design perspective, the largest impact to the NPP would 

come from an event in the HSS. An event that suddenly halts the HSS would impact the NPP in a manner 

similar to a load-rejection event. That is, a loss of HTEF steam demand would result in a plant control-

systems response similar to that which occurs when there is a loss of generator load. In the case of a ~3% 

load rejection, the NPP rod-control system should provide ample control capability to prevent the need 

for any protective functions to actuate or the need for any immediate operator actions. Operators would 

follow their indications to take actions appropriately using alarm response or other plant operating 

procedures. In the case of a steam-line break in the HSS piping, there is no discernible difference from a 

break in other areas of steam piping in the NPP. If a break occurs, the automated and operator responses 

will be the same as they would be for another steam break somewhere in the NPP steam systems. The 

HTEF steam piping will be equipped with isolation valves that will enable isolation of the HSS system 

and continued operation of the NPP. As with a loss of HTEF steam demand, operators would follow their 

indications to take actions appropriately using an alarm response or other plant operating procedures. 

3.1.3 Electrical Design  

The HTEF requires 500 MWe power for the electrolysis process and approximately 50 MWe for 

auxiliary loads. Using a power factor of 0.92 for HTEF processes, the total power required for by the 

HTEF is 600MVA. Spacing between the electrolyzers and NPP equipment is approximately 0.5 km; 

therefore, power is supplied from the NPP via a 345-kV transmission line spanning the plant separation. 

3.1.3.1 Selection of NPP electrical -dispatc h location  

The methodology and approach for the evaluation of plant transients is the same as for the 

100 MWnom HTEF, except as noted below. The electrical-physical layout diagram in Appendix B 

illustrates the preferred electrical system tie-in point, which is the high-voltage side of the NPPôs main 

GSU transformer for the 500 MWnom HTEF. 
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3.1.3.2 Electrical design and equipment within the NPP boundary  

The design and equipment for the 500 MWnom HTEF is identical to the 100 MWnom HTEF, except as 

noted below. 

The 345-kV transmission line will be tapped to the line between the NPP GSU transformerôs 

high-voltage bushing and the switchyard. The H2 transmission line routes over a transmission tower to a 

345-kV circuit breaker and its two MOD switches for line protection and maintenance. PTs will be 

installed between the MOD switch and the high-voltage breaker for new lineôs revenue meters. This 

equipment is in the NPP protected area or yard area, depending on available space in the protected area. 

For a plant-separation distance of 500 m, the H2 transmission line will be routed over six more 

transmission towers to reach the HTEF area. 

At the HTEF, there are two two-winding stepdown transformers rated for 345 kV-delta/ 34.5 kV-wye, 

190/253/306MVA ONAN/ONAF/ONAF, 9% nominal impedance H-X. The 34.5-kV windings are 

resistance grounded. Within the H2 plant are nine two-winding stepdown transformers rated for 34.5 kV-

delta/13.8 kV-wye, 42/56/70 MVA ONAN/ONAF/ONAF, 7.5% nominal impedance H-X 34.5kV/ 

13.8 kV to supply power at the 13.8-kV level to the H2 electrolyzers. The equipment at the HTEF is part 

of the HTEF design and is outside the scope of this report. See Ref. [19, Attachment V] for the H2 

transmission-line electrical-physical layout. 

3.1.3.3 Transmission -line control and protection  

Control and protection are identical to that the 100 MWnom HTEF design. 

3.1.3.4 Power requirements for hydrogen steam supply equipment  

Power requirements are identical to the 100 MWnom HTEF design. 

3.1.3.5 Switchyard arrangement and offsite power  

Switchyard arrangements and offsite power are identical to the 100 MWnom HTEF design. 

3.1.3.6 Electrical short -circuit and load-flow/ voltage -drop analysis  

The design and analysis for the 500 MWnom HTEF design is identical to that of the 100 MWnom HTEF 

design, except as noted below. The stepdown transformer supplying the HTEF is specified as a 

two-winding unit to supply 500 MWe to the HTEF, plus 10% additional capacity for auxiliary loads. 

A short-circuit analysis was performed in ETAP to determine estimated equipment short-circuit 

ratings and aid in sizing the HTEF stepdown transformer. The HTEF stepdown transformers were 

modeled as 190/253/306MVA ONAN/ONAF/ONAF two-winding transformers. The high-voltage winding 

is connected in delta and the medium-voltage winding is connected in wye. The short-circuit analysis 

model shows that a 9% nominal impedance between the H-X windings (with ±7.5% tolerance) on the 

190 MVA self-cooled base of the secondary windings allows for the use of 40-kA 34.5-kV circuit breaker 

and 40-kA 13.8-kV medium-voltage switchgear at the HTEF. 

Similar to the 100-MWnom HTEF, an ETAP model shows that the addition of the HTEF has a 

negligible impact on the existing NPP equipment. The analysis and results for the 500 MWnom HTEF 

design is identical to the 100 MWnom HTEF design, except as noted below. 

The load-flow analysis shows the 316 MVA top rating of the HTEF stepdown transformers is 

sufficient to carrying the full load of the HTEF. The voltage drop across the 0.5-km high-voltage 

transmission line is not significant. For the 500-MWnom HTEF, a two-conductor bundle, such as a 

2-1113 kcmil Bluejay ACSR or higher, based on common transmission practices in the area, is 

recommended based on the line thermal loading. 
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The voltage-drop analysis performed with the ETAP model shows that the hydrogen-plant stepdown 

transformer does not require an on-load tap changer if the transmission voltage is maintained within 

approximately a ±2.5% bandwidth. Per NUC-001, this applies to NPPs that operate per a voltage schedule 

and to NPPs that require strict voltage regulation for offsite power (assuming the offsite power source is 

supplied from the same location in the transmission system). 

3.1.3.7 Protective relaying design  

The design is nearly identical to the 100 MWnom HTEF design. Table 9 shows the required trip logic 

for different fault locations following electrical tie-in of the hydrogen plant. 

Table 9. Electrical fault condition trip logic. 

Fault Location Initial Trip Device 

H2 Breaker Failure Trip 

Device 

Existing high-voltage 

line and line tap to 

new high-voltage 

circuit breaker 

Existing high-voltage switchyard circuit 

breakers 

Generator circuit breaker (if equipped) 

New high-voltage circuit breaker 

None 

New high-voltage line 

to HTEF 

New high-voltage circuit breaker 

New high-voltage stepdown transformer 

circuit breaker 

Existing high-voltage 

switchyard circuit breakers 

Generator circuit breaker 

(if  equipped) 

HTEF transformer New high-voltage stepdown transformer 

circuit breaker inside the H2 island 

34.5 kV circuit breakers in the HTEF 

13.8 kV breakers in the HTEF 

New high-voltage circuit 

breaker 

NOTE:  Same as Table 4 for 100 MWnom HTEF design, except for the addition of the last two lines. 

 

3.1.3.8 Electrical -transient analysis  

Sensitivity analysis shows that the HTEF load can be increased up to the maximum output power 

rating of the generator without causing the generator to become unstable following a trip of the 

high-voltage transmission line feeding the HTEF, either with or without a fault. This bounds the design 

being considered for the 500-MWnom HTEF. Note that this model is based on typical plant and 

transmission system data, which may not be representative of the available capacity for all plants. 

3.1.3.9 Bulk electric system regulatory impacts  

Similar to the 100-MWnom design, the high-voltage transmission line supplying the HTEF is classified 

as a BES element because the line is connected to a radial system with a generator that has a gross 

individual-nameplate rating of greater than 25 MVA and a voltage of 100 kV or above. The BES 

classification subjects the transmission line and connected facilitiesðe.g., circuit breakers, disconnect 

switches, instrument transformers, and protective relaysðto compliance with NERC Reliability 

Standards. Table 4 provides a summary of the applicable NERC Reliability Standards. Note that the NPP 

is already subjected to the following standards. 
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3.1.4 Instrumentation and Controls  Design  

3.1.4.1 Operator -control  capabilitie s 

The operator-control capabilities for this 500-MWnom design are identical to those capabilities 

described in the design for the 100 MWnom HTEF. Given the duplication of HSS equipment (e.g., 

reboilers, pumps, and tanks), equipment-specific controls will need to be duplicated in this area based on 

the new equipment. A single HMI can still be used in the main control room for indication and control of 

steam-supply and electrical-transmission equipment. 

3.1.4.2 Available process parameters for monitorin g 

Available processing parameters for monitoring are identical to the 100-MWnom design. 

3.1.4.3 Response to faulted conditions  

Overall response to faulted conditions is similar to the 100-MWnom design, with differences as noted 

below. 

Extraction-steam leak to reboilerðResponse depends on the severity and location of the leak. With 

two trains of reboilers, the leak could be isolated to the affected train, allowing the second train to 

operate. HTEF steam supply would be halved. If the leak is located so that both trains must be isolated, 

then H2 plant shutdown would occur. If isolation is not possible, a manual trip of the plant NPP would 

occur, which is similar to the response to an unisolatable MS line leak. The addition of a remote manual 

(motor- or air-operated valve) at the extraction point would allow for the online construction of parts of 

the steam-extraction line and would facilitate positive isolation in the event of a steam leak in the steam-

extraction line. Steam-isolation transients are described in this report. 

¶ Process steam leak to HTEFðWith two separate trains of process steam, it may be possible to isolate 

the affected train. The leak could be isolated to the affected train, allowing the second train to operate. 

HTEF steam supply would be halved. This transient is described in the transient section of this report. 

The generator would pick up load from the affected train and the grid would absorb the additional 

load. 

¶ Reboiler drain valve fails closedðThis should not occur because the valve is set to fail open. 

However, if this event were to occur, the level would rise in the affected reboiler. Either the 

extraction steam-supply valve for the affected train would close on high-high level, or an emergency 

dump valve would open to the lower level. It is recommended to have a drain-bypass valve open on 

high level and the steam line isolated on high-high level. The affected train could be isolated, 

allowing the second train to operate. HTEF steam supply would be halved. 

¶ Reboiler drain valve fails openðThe level in the affected reboiler would drop and steam could be 

passed to the condenser. A low-level switch should be implemented to close the steam-admission 

valve on low-level and drain valve open position. The affected train could be isolated, allowing the 

second train to operate. HTEF steam supply would be halved. 
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¶ Extraction steam supply valve fails openðThis should not occur because the valve is set to fail 

closed. However, if this event were to occur, the design pressure of both sides of the reboiler are 

equal to or greater than the steam conditions. The amount of condensation would be controlled by the 

demand from the HTEF. The condensate level would be controlled by the condensate drain valves. 

With normal operation of the reboiler feed supply, the plant would continue to operate normally. 

- Extraction steam supply valve fails closedðWith two trains of extraction steam supply and 

reboilers, a closed valve will only affect one train. The level in the affected reboiler level would 

fall; the condensate drain line would maintain level by closing. One train of process steam to the 

H2 plant would cease to flow. Steam flow to the LP turbines would increase by ~1.7%. The 

closure of the steam line may start to increase the level in the steam generator. The feedwater 

control system would reduce feedwater flow to match the reduced steam demand and stabilize the 

level. The transient to the grid is described below. In the longer term, the generator output could 

be reduced to match the grid demand. 

- Rapid trip of HTEFðSteam demand would cease, the process feed level on the hydrogen-side of 

the reboiler would increase, and the supply-water admission valve would close in response. This 

would remove cooling from the plant-side of the reboiler, and steam condensation would 

decrease. The condensate drain valve would close to maintain level, and the HSS going to the 

reboiler would be rerouted to the LP turbines. Steam flow to the LP turbines would increase by 

3.3%. The closure of the steam line would immediately start to increase the level of the steam 

generator. The feedwater-control system would reduce feedwater flow to match the reduced 

steam demand and stabilize level. The transient to the grid is described below. In the longer term, 

the generator output could be reduced to match grid demand. 

- Short in high-voltage lineðOvercurrent protection, as discussed in this report, would trip the 

HTEF, and the balance of the transient would be like the rapid trip of the HTEF. 

- Open in high-voltage lineðAn open in the high-voltage line would trip the HTEF and the NPP 

would respond in the same manner as a rapid trip of the HTEF. 

3.1.4.4 Design -attribute review  

When performing an engineering change in accordance with IP-ENG-001, the responsible engineer 

completes the DAR, which is a series of questions that aids in identifying impacted disciplines, 

stakeholders, and programs. As part of the preconceptual design, a sample DAR has been completed and 

provided as Appendix J. While this effort must be performed on a plant- or design-specific basis when 

performing a similar modification, the information is provided as an example to guide the process. 

The following design attributes are unique to the 500-MWnom design. 



 

37 

3.1.4.5 Electrical  

¶ This conceptual design covers the installation of 0.5 km of 345-kV transmission line between the 

GSU transformer and H2 plant. A 345-kV high-voltage circuit breaker and two associated disconnect 

switches, PTs, and transmission-line tower will be installed in the plantôs protected area or the yard 

area, depending on the available space around the GSU transformer. End of the line, inside the HTEF 

will have two stepdown transformers to step the power down from 345 to 34.5 kV. Each transformer 

will have one 345-kV circuit breaker and two 345-kV disconnect switches. Also, two outdoor 34.5-kV 

buses with nine 34.5-kV breakers, each connected to stepdown transformer, will step the power down 

from 34.5 kV to 13.8 kV switchgears. 

- The load-flow analysis demonstrates the change in the switchyard voltage due to the addition of 

the 500-MWe electrical load plus auxiliaries is negligible. Thus, there is no impact to generator 

VAR loading, which is controlled based on switchyard voltage. 

- The load-flow analysis demonstrates the change in the switchyard voltage due to the addition of 

the 500-MWe electrical load plus auxiliaries is negligible. Therefore, the status of offsite power 

voltage regulating devices is not impacted. 

3.1.4.6 Mechanical  

Mechanica considerations are identical to the 100 MWnom HTEF design. 

3.1.4.7 Instrumentation and controls  

I&C are identical to the 100 MWnom HTEF design. 

3.1.4.8 Structural  

Structural considerations are identical to the 100 MWnom HTEF design. 

3.1.4.9 Programs  

Program considerations are identical to the 100 MWnom HTEF design. 

3.1.4.10 Stakeholders  

Stakeholders are identical to the 100 MWnom HTEF design. 

3.1.5 Additional Design Options and Considerations  

3.1.5.1 Additional circuit breaker  

Developing site-specific design criteria may include alternatives to the design proposed within this 

report. Options for an additional circuit breaker, different piping materials, onsite RO, and net metering 

are all discussed in reference to the 100 MWnom HTEF design and are equally relevant for the 500 MWnom 

design. Further alternate design options are described below. 

3.1.5.2 Plate-and-frame reboiler option  

The preconceptual design put forth in this section uses a shell and tube-style heat exchanger as the 

extraction steam reboiler. Other heat exchangers may also be used at the discretion of the plant. 

Discussions with other vendors have revealed that a plate-and-frame reboiler may provide an alternate 

design solution. The plate-and-frame design is more compact compared to the kettle-style reboiler, but it 

is at the expense of a more-complex arrangement required through the addition of an external steam 

drum. The cost of this option is comparable to the kettle-style shell-and-tube heat exchanger and should 

be considered during detailed design for a similar modification. 

In Section 2, a plate-and-frame reboiler was provided for the 100-MWnom preconceptual design to 

show its feasibility. The contrasting complexity and size of these designs is illustrated through the 

respective P&IDs and physical reboiler arrangements in Appendix A. 
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3.1.5.3 Main steam extraction  

Section 5.4 discusses in detail the limitations of cold-reheat extraction. Of notable importance is the 

potential for imbalances and stresses on the turbines with large volumes of extraction and available 

space within the TB for the routing of two 14-in. steam lines. Main steam extraction is a viable alternative 

to the location used for this report. Table 10 highlights the benefits and drawbacks of both locations. The 

improved efficiency of cold reheat is expected to make this option financially preferable at this scale, but 

other factors, such as spatial availability and turbine loading, should be considered in detail to determine 

which extraction location is best for a given plant. Turbine manufacturers should be consulted to validate 

conclusions of the site. Appendix C provides detailed thermal analysis of both extraction locations. 

Table 10. Pros and cons of different extraction locations for 500-MWnom design. 

 Pros Cons 

Cold-

Reheat 

Extraction 

Greatest plant efficiency 

(+15.5 MWe vs. main steam 

extraction) 

Lower-temperature extraction 

than Main Steam can lower 

material and maintenance costs 

Larger piping is more expensive and harder to route 

through the TB 

Reduced mass flow to LP turbines can cause wear 

on the turbines and may reduce the life span of 

equipment 

Main Steam 

Extraction 

Smaller piping is less expensive 

and easier to route through the 

TB 

No turbine imbalances 

Lower plant efficiency than cold-reheat extraction 

high-energy line-break analysis will be required due 

to steam conditions 

Higher temperature extraction requires more 

resilient materials for piping and greater HSS 

equipment costs 

HP turbine operating pressure may drop below 

minimum-pressure limit due to lower mass flow 

 

Main steam and cold reheat are the best locations for steam extraction based on the steam properties. 

Extracting steam too far upstream will result in losses to plant efficiency by removing high-quality steam 

from the NPP power cycle. Extractions too far downstream provides low-quality, low-energy steam for 

the HTEF, decreasing electrolyzer efficiency. It is anticipated that cold reheat will be the preferable 

location at low extraction levels (i.e., 3% of mass flow). 

3.1.5.4 Decreased separation between NPP and HTEF 

The separation is identical to the 100 MWnom HTEF design. 

3.2 Major Equipment Required for Preconceptual Design  

The approach and methodology are identical to the 100 MWnom HTEF design. 

3.2.1 Reboiler Sizing  

Performance parameters for the steam reboiler are determined using the PEPSE analysis provided in 

Appendix C. Sizing information for input to reboiler vendors is provided considering 105-MW th thermal 

power extraction in Table 11. Note that the parameters in Table 11 are at the connections to/from the 

reboiler. 

Table 11. Reboiler sizing parameters for 105-MW th power extraction. 

Connection Location Mass Flow Rate Temperature Pressure 

Steam Supply from Cold Reheat 355,193 lbm/hr ~360 °F ~154 psia 

Drain to Main Condenser 355,193 lbm/hr 120 °F by Vendor 
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Demineralized-Water Supply 306,980 lbm/hr 60 °F 140 psia 

Steam Supply to HTEF 306,980 lbm/hr 350 °F 120 psia 

 

3.2.2 Piping and Reboiler -Feed-Pump Sizing Summar y 

Adding the hydrogen production facility to the existing NPP requires sizing the various pipelines, 

which is performed based on the 105-MW th thermal extraction. Steam-pipe sizes are determined in 

Ref. [19, Attachment B] and Ref. [19, Attachment C]. Water-pipe sizes are determined in 

Ref. [19, Attachment D] and Ref. [19, Attachment E]. In addition, the reboiler feed pump is sized and 

reboiler drain-control valve conditions are determined. 

The results of pipe sizing are summarized as follows: 

¶ Extraction steam piping to the H2 plant steam reboiler Ref. [19, Attachment N]. 

Two 14-in. pipes were connected to the cold-reheat pipes on either side of the HP turbine for 

extraction. Each of these lines was STD-schedule carbon steel and 40 ft long. These lines joined to a 

20-in., STD-schedule carbon-steel header that was 200 ft long. After routing out of the TB, the header 

once again split into two 14-in., STD-schedule carbon-steel lines that spanned 20 ft each until 

reaching their respective steam reboilers. Maximum steam velocity was ~153 ft/sec. Design pressure 

of 250 psig and design temperature of 400°F were selected to envelop the steam conditions. 

¶ Process steam piping to the HTEF Ref. [19, Attachment O]. 

Pipe size of 18-in., STD-schedule carbon steel and 1750 ft long was modeled from the steam boiler to 

the HTEF, resulting in a maximum steam velocity of ~130 ft/sec. Design pressure of 150 psig and 

design temperature of 400°F were selected to envelop the steam conditions. 

¶ Reboiler feedwater pump and piping Ref. [19, Attachment D]. 

For the pump discharge, a pipe size of 3.5-in., STD-schedule carbon steel and 240 ft long was 

modeled, resulting in a maximum water velocity of approximately 10 ft/sec. Stainless steel piping 

was used for the actual design, resulting in a conservative pump sizing. Design pressure of 250 psig 

and design temperature of 150°F were selected to envelop the water conditions, including an 

additional 50% in pump head rise to shutoff conditions. 

For the pump suction, a 4-in. pipe sizeðone size larger than the discharge to lower suction velocity 

was selectedðof STD-schedule carbon steel and 40 ft long was modeled, and it resulted in a 

maximum water velocity of approximately 7.7 ft/sec. Stainless steel was used in the actual design, 

resulting in a conservative pump sizing. Design pressure of 50 psig and design temperature of 150°F 

were selected to envelop the water conditions. 

¶ Pump size 

Pump sizing is based on the nominal flow rate of 306.8 gpm and the nominal carbon-steel pipe 

characteristics, resulting in a required pump total developed head of approximately 367 ft, requiring 

approximately 36 hp. 

¶ Drain piping from the reboiler to the main condenser Ref. [19, Attachment E]. 

The drain-pipe size of 5-in., STD-schedule carbon steel and 220 ft long was modeled, resulting in a 

maximum water velocity of approximately 6 ft/sec. In the actual design, stainless steel was used. 

Design pressure of 200 psig and design temperature of 400°F were selected to envelop the drain 

conditions. 

¶ Drain control-valve size 
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Drain control-valve sizing results in the following requirements: 

- Drain flow:  177,597 lbm/hr (~358.8 gpm) 

- Valve differential pressure: ~1552.0 psid 

- Valve inlet pressure: ~154.1 psia. 

Note that due to a very high valve differential pressure, there is a high potential for valve flashing and 

cavitation. Therefore, to protect condenser internals, a severe-duty drain control valve and an internal 

baffle plate should be considered for this application. 

3.2.3 Demineralized -Water Storage Requirement  

Design considerations are similar to those for the 100 MWnom HTEF design. For the purposes of this 

preconceptual design, a reserve capacity of 110,000 gal was chosen. Ref. [19, Attachment A] shows that a 

demineralized-water flowrate of approximately 310 gpm per loop is required to generate the desired 

steam flow to the HTEF. Therefore, a storage tank of 110,000 gal would provide reserve capacity for 

approximately 4ï6 hours of continuous operation. A tank of this size is expected to be approximately 

25 ft in diameter and 30 ft tall. 

3.2.4 Major Equipment List  

The approach and considerations are similar to those for the 100 MWnom HTEF design. The major 

equipment required to implement the preconceptual modification as described in this report is 

summarized in Table 12. 

Table 12. Major equipment needed for 500 MWnom integration design. 

No. Item Quantity Description/Notes 

1 Steam Reboiler 2 Refer to Section 3.2.1 for sizing 

information 2 Drain Cooler 2 

3 Drain Receiver 2 Approximately 3 ft diameter 

4 Demineralized-Water Storage Tank 2 10,000-gallon capacity 

5 Reboiler Feed Dump 2 
310 gpm at 367 ft TDH 

(approximately 36 hp) 

6 
12-in. Steam Dispatch Air-Operated 

FCV 
2 ð 

7 14-in. Non-Return Valve 2 ð 

8 14-in. Steam Manual Isolation Valves 10 

Double isolation at both crossunder 

tie-ins, double isolation after header 

branches, and isolation to reboiler 

9 
5-in. Air -Operated Level Control 

Valve 
2 

Refer to Section 3.2.2 for design 

conditions 

10 
3.5-in. Air -Operated Level Control 

Valve 
2 

Refer to Section 3.2.2 for design 

conditions 

11 
14-in. Self-Contained Backpressure-

Regulating Valve 
2 ð 

12 18-in. Steam Manual Isolation Valves 6 
Isolation at reboiler and 

upstream/downstream isolation PCV 

13 
14-in. Carbon-Steel Piping with 

Fittings 
~120 ft. Schedule 30 
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No. Item Quantity Description/Notes 

14 
18-in. Carbon-Steel Piping with 

Fittings 
~3500 ft. Schedule STD 

15 
20 in. Carbon-Steel Piping with 

Fittings 
~200 ft. Schedule 20 

16 
3.5 in. Stainless Steel Piping with 

Fittings 
~480 ft. Schedule STD 

17 
4 in. Stainless Steel Piping with 

Fittings 
~80 ft. Schedule STD 

18 
5 in. Stainless Steel Piping with 

Fittings 
~440 ft. Schedule STD 

19 3.5 in. HDPE Piping with Fittings ~3600 ft, Schedule 40 

Electrical 

1 345-kV, 300-A MOD Switch 2 50 kA short circuit 

2 
345-kV, 300-A High-Voltage Circuit 

Breaker 
1 50 kA short circuit 

3 Steel Poles for 345 kV line 6 Transmission line tower 

4 
Coupling Capacitor Voltage 

Transformer (CCVT) 
3 345 kV/120V 

5 Protective Relay 50BF 1 ð 

6 

Communication System: 

Cabinet NEMA 4X with meters and 

auxiliary telecommunication for 

revenue meters 

1 ð 

7 

A standalone HMI for control and 

indications of the H2 power line and 

steam supply, in the main control 

room 

1 ð 

8 Breaker Failure Relay (50BF) 1 ð 

9 Breaker Failure Lockout Relay (86BF) 1 ð 

10 
Line-Differential Protection Relay 

411L/87 
3 ð 

11 
Line-Differential Protection Relay 

311L/87 
3 ð 

12 Line-Differential Lockout Relay 86 1 ð 

13 Revenue Meter 3 ð 

14 
1113 knmil Bluejay ACSR with 

OPGW Shield Wire 
3200 m Transmission line cable outdoor 
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4. PLANT INTEGRATION COST ESTIMATING  

The development of an accurate cost estimate for a nuclear-integrated hydrogen-production facility 

requires a detailed understanding of plant specifications, vendor price estimates, and indirect costs 

associated with the project construction and development. For each of these general preconceptual 

designs, a cost estimate is developed for the integration activities within the scope of the NPP only; costs 

associated with design and construction of the equipment inside the HTEF boundary are excluded from 

these estimates. The Association for the Advancement of Cost Engineering (AACE) has developed a 

classification system for assessing the expected accuracy of cost estimates (see Ref. 21). Based on the 

maturity level of projectôs definition deliverables and the use of this report as a preconceptual guide, these 

cost estimates fall into Class 5. Following the methodology described by this class, the accuracy of these 

estimates is expected to vary between -50% and +100%. The actual value depends on the risk and 

suitability of assumptions associated with each cost item. Plant-specific studies are required to improve 

these assumptions and increase estimated accuracy. Vendor estimates should be included on a plant-

specific basis. The purpose of these estimates is to allow plant owners to understand the magnitude of 

capital costs required for the NPP-associated modifications with pursuing a 100-MWnom and 500-MWnom 

HTEF addition. This study provides a quantifiable reference for engineering, installation, and turnover 

and procurement costs for a project of a similar magnitude. This study can be used to inform plant-

specific feasibility studies and assess the capital necessary to pursue nuclear-integrated hydrogen at the 

scale investigated. 

4.1 Scope of Included Costs  

These estimates aim to consider all costs associated with NPP modifications included in Table 7 and 

Table 12. A cost-analysis breakdown was performed for each of the following activities: 

¶ HSS 

¶ Civil work (e.g., excavation, disposal, backfill, and caisson) 

¶ Concrete work (e.g., foundation, embedment, formwork, and reinforcing) 

¶ Mechanical equipment (e.g., reboiler and demineralized-water storage tank) 

¶ Piping (e.g., above-ground, buried, supports, valves, and insulation) 

¶ Electrical equipment (e.g., heat tracing, control panel, and transformer) 

¶ I&C 

¶ Steel supports 

¶ Electrical and transmission line 

¶ Civil work (e.g., excavation, disposal, backfill, and caisson) 

¶ Concrete work (e.g., foundation, embedment, formwork, and reinforcing) 

¶ Switchyard (e.g., transmission-tower pole and hardware, breakers and disconnects, transformers, 

and wiring) 

¶ Electrical equipment (e.g., revenue meter, grounding, and control panels) 

¶ Cables and conduits 

¶ HMI 

¶ Steel supports. 
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4.1.1 Methodology  

Estimates are based on an engineer, procure, construction management (EPCM) multiple contract 

approach. This approach has one main contractor, typically an architect/engineer firm to produce the 

design, assist in the procurement of goods and services, and provide construction-management (CM) 

services during construction. The EPCM contractor generally acts as an agent for the owner when 

purchasing such goods and services, meaning contracts and purchase orders are written on the ownerôs 

letterhead. 

These cost estimates are developed using a mix of semi-detailed unit costs with assembly-level line 

items and detailed unit costs with forced detailed takeoff (i.e., detailed-takeoff quantities generated from 

preliminary drawings and incomplete design information). As such, these estimates are generated using a 

deterministic estimating method with many unit-cost line items. These estimates were developed with a 

factored approach using previous HTEF costs estimates and other relevant cost estimates as a basis. 

Quantity development is dependent on the method used to create the line-item estimate. Item 

quantities are identified based on the major equipment identified in Table 7 and Table 12, which was 

determined through thermal and electrical analyses (see Sections 2.1.2, 2.1.3, 3.1.2, and 3.1.3). 

Capacity-factored or equipment-factored cost estimates do not use quantities of materials for cost 

estimation. 

4.1.2 Cost Items  

To further break down project costs, items were categorized into direct, indirect, and contingency 

costs; escalation costs were not included. Direct costs are those expenses directly tied to the construction 

of HSS and electrical and transmission line equipment identified in Section 3.1.3. To support project-

construction and labor efforts, indirect costs were also considered. A buffer for unanticipated issues is 

covered through contingency costs. Each of these categories is described in greater detail below. 

4.1.3 Direct Costs  

The cost associated with the addition of new permanent equipment is broken down into five 

subcategories: labor, materials, subcontract, construction-equipment, and process-equipment costs. The 

cost of each item is made up of one or more of each of these costs. 

4.1.3.1 Labor  

Construction-labor cost considers wage rates, installation hours, labor productivity, labor availability, 

and construction indirect costs. Installation hours represent the labor-hours to install an item and 

collectively all craft hours to install the entire scope of facilities. Labor productivity is evaluated based on 

factors such as jobsite location, job position, and site congestion. A regional nuclear power labor-

productivity multiplier of 1.6 is included to account for the additional effort, oversight, and requirements 

associated with work performed within an NPP in a congested area without radiation protection, and a 

portion of the work that must be performed during an outage. This productivity factor has been developed 

based on historical data and is dependent upon several factors, such as congestion, outage or non-outage 

activities, and the level of radiation protection. Installation hours are increased proportional to this 

productivity factor. The labor wage rate was selected using the prevailing wage in Bloomington, Illinois. 

This data was obtained from ñRS Means Labor Rates for the Construction Industry,ò 2022 edition. Costs 

have been added to cover Social Security, workerôs compensation, and unemployment insurance. 

4.1.3.2 Material  

The pricing for permanently installed materials are based on S&L in-house data, vendor catalogs, 

industry publications, and other related projects. Major material quantities are described in Table 7 and 

Table 12. 
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4.1.3.3 Subcontract  

Subcontract costs as defined within this estimate are all-inclusive costs. This means there are no 

additional markups, such as general conditions, overheads, or other indirect construction costs associated 

with the line item. 

4.1.3.4 Construction equipment  

Construction-equipment cost is included on each line item, as needed, based on the type of activity 

and construction-equipment requirements to perform the work. This includes costs for rental of all 

construction equipment, fuel, oil, and maintenance. Equipment operators are included in direct labor 

costs. 

4.1.3.5 Process equipment  

Pricing for permanently installed equipment is based on S&L in-house data, vendor catalogs, industry 

publications, and other related projects. Equipment pricing was reviewed to ensure that the following 

criteria were addressed and taken into consideration where necessary. 

4.1.3.6 Indirect costs  

All accompanying costs that do not result from the direct installation of NPP equipment to support 

hydrogen production are considered indirect costs. These costs are categorized into additional labor costs, 

site overhead, other indirect construction, and indirect project costs. 

4.1.3.7 Additional labor costs  

To support the labor associated with the construction and implementation of equipment, there are 

several ancillary labor costs to consider. These include the additional pay of labor supervisors beyond the 

prevailing wage rate, show-up time, and overtime. The cost of overtime pay and extended hours caused 

by worker inefficiency are included based on a 50-hour work week (5ï10-hour days). Further overtime 

and per diem costs are not considered in this estimate. 

4.1.3.8 Site overheads  

To ensure the smooth execution of the project, the following overheads are considered: construction 

management, field-office expenses, material and quality control, material handling, safety-program 

administration and personnel, temporary facilities, indirect craft labor, mobilization or demobilization, 

and legal expenses. 

4.1.3.9 Other construction indirect costs  

Additional construction costs required include small tools and consumables, scaffolding, general-

liability insurance, construction equipment mobilization and demobilization, material freight, contractor 

general and administrative (G&A) expenses, and contractor profit. The freight on process equipment and 

sales tax are not considered in this section. 

4.1.3.10 Project indirect costs  

Project indirect costs are required to ensure the project is carried out in a timely and high-quality 

manner. Professional engineering and CM services are required to monitor project schedules, costs, 

quality, safety, and scope. Startup and commissioning services provided the procedures and testing 

necessary to ensure proper function of the systems prior to plant operation. Startup spare parts are also 

included in this section. Excess liability insurance, indirect sales tax, ownerôs cost, and engineering, 

procurement, and contractor firm (EPC) fees are not included in this estimate. 
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4.1.4 Contingency Costs  

Based on project definitions, contingency costs are treated as separate line items and are described as 

a percentage of costs as described below. A 50% contingency was used to account for a first-of-a-kind 

project type (all calculated at 50% of costs): 

¶ Labor contingency costs 

¶ Material contingency costs 

¶ Subcontract contingency costs 

¶ Construction-equipment contingency costs 

¶ Process-equipment contingency costs 

¶ Indirect contingency project costs. 

4.2 Excluded Items  

These estimates represent only the costs contained above; the estimate does not include allowances 

for any other costs not listed and incurred by the owner. Additionally, the cost of the hydrogen facility 

(and all equipment within the HTEF boundary) is not included. 

There may be additional costs that the owner should consider. The following are some considerations: 

¶ Lost electricity-generation revenue due to extraction steam beyond those covered in Table 14. 

¶ Financing 

¶ Licensing 

¶ Insurance 

¶ Owner staff and facility support 

¶ Safety incentives 

¶ Power consumption due to temporary grid connection 

¶ Per diem/travel expenses 

¶ Spare parts 

¶ Applicable taxes 

¶ Permitting 

¶ Plant-staff training 

¶ Legal or accounting fees 

¶ Schedule acceleration or delay costs. 

4.3 Nuclear -Hydrogen Integration Cost -Estimate Summary  

A complete overview of the methodology and breakdown of cost estimating for the 100-MWnom and 

500-MWnom integration designs is provided in Appendix I, which also includes a detailed breakdown of 

the costs of the 500-MWnom integration for a distance of 500 m between the HTEF and the NPP. Detailed 

cost breakdowns for the other cases can be found in [19]. This section briefly summarizes key results. An 

overview of the direct, indirect, and contingency costs for the 100-MWnom and 500-MWnom facilities are 

provided below in Table 13. The estimated total capital investment (TCI) for integrating the NPP 

hydrogen steam supply equipment and associated electrical infrastructure for the 100 MWnom design with 

a 500 m separation distance is close to $246/kWnom, while the corresponding 500 MWnom integration 
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modifications are estimated to cost $78/kWnom. Based on these estimates, the standardized cost of the 

500-MWnom design is approximately one-third of the 100-MWnom design. This reduction can be explained 

by the consolidation of equipment under the larger design and reduced material and labor costs with 

respect to production capacity. Changing the number of piping trains, power lines, or (mechanical and 

electrical) integration equipment for these designs will alter the capital cost of these modifications 

accordingly. One potential cost-reduction strategy is to decrease the separation distance between the NPP 

and HTEF. This adjustment decreases the length of piping and power lines and has additional benefits, 

including reduced excavation and foundation costs, better efficiency (reduced thermal and electrical 

losses), and the potential utilization of smaller, less-expensive equipment. Reducing thermal and electrical 

separation by 50%, from 500 m to 250 m, is assumed to be physically feasible for some plants (additional 

hazard analysis and licensing evaluation is necessary to assess overall regulatory compliance but is not 

considered within this study). Table 13 shows an approximately 20% reduction in integration cost across 

both designs by reducing plant separation. Another important point regarding Table 13 is that the funds 

set aside for contingencies are relatively large, roughly equal to the direct costs. Large contingency 

budgets are appropriate for first-of-a-kind installations. The contingency funds can likely be decreased by 

50% or more for subsequent installations that follow similar engineering designs. 

Table 13. Installation cost summary for integration of nuclear and hydrogen plants (2022 USD). 

 Steam from Cold Reheat 
Steam from 

Main Steam 

Parameter 

100 MW nom 500 MW nom 500 MWnom 

500 m 

separation 

250 m 

separation 
250 m 

separation 

250 m 

separation 
250 m 

separation 

Direct costs 

Steam direct cost ($MM) a 6.12 4.28 11.7 8.95 8.95 

Electric direct cost ($MM) b 1.31 1.14 1.40 1.21 1.21 

Total direct cost ($MM)  7.42 5.42 13.1 10.2 10.2 

Indirect costs 

Steam indirect cost ($MM) a 7.49 5.78 11.6 8.84 8.84 

Electric indirect cost ($MM) b 1.49 1.37 1.49 1.37 1.37 

Total indirect cost ($MM) 8.98 7.15 13.1 10.2 10.2 

Contingency 

Steam contingency ($MM) 6.78 4.92 11.7 8.92 8.92 

Electric contingency ($MM) 1.42 1.28 1.42 1.28 1.28 

Total contingency ($MM) 8.20 6.20 13.2 10.2 10.2 

Total capital investment (TCI) for electric and thermal power coupling 

TCI for steam integration 

($MM) 20.4 15.0 35.0 26.7 26.7 

TCI for electric integration 

($MM) 4.21 3.79 4.31 3.86 3.86 

TCI for all integration ($MM) 24.6 19.0 39.0 30.6 30.6 
Std. TCI per nominal HTEF size 

($/kWnom) 
246 190 78.1 61.2 61.2 

a  Direct costs include labor, materials, subcontracts, construction equipment, and process equipment. 

b Indirect costs include additional labor, site overheads, other construction costs, and project indirects. 

 

It is helpful to compare the cost estimates in Table 13 with assumptions that have been made in 

previous analyses that have estimated the costs of hydrogen production, assuming a similar production 

configuration in which an HTEF is coupled to a PWR. In a study by Wendt, Knighton, and Boardman [2], 
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it was assumed that a 1,000 MWnom HTEF was coupled to an NPP at a distance of 1 km. The direct capital 

cost of the steam-delivery system from the NPP was estimated to be $41.1 million, which is in good 

agreement with the estimated cost presented in Table 13, after accounting for differences in scale and 

assumed steam-delivery distance. As summarized in Table 14, a simplified analysis was performed to 

estimate operating costs associated decreased electricity sales from the PWR due to thermal power 

extraction. All costs are reported in 2022 U.S. dollars, and it is assumed that electricity sales price is 

constant throughout the 20-year lifetime of the system at $30/MWh (in 2022 USD), which operates with a 

capacity factor of 95%. Not surprisingly, operating cosst associated with loss of PWR electric power 

output due to thermal power dispatch to the HTEF dominate the total costs for HTEFs that are 

500 MWnom and larger.  

As indicated in Table 3 and Table 8, the PWR electric power output decreases by 5.3 MWe and 

22.4 MWe, respectively, for the 100-MWnom and 500-MWnom HTEF cases. These values are lower than 

estimated in the previous hydrogen-production cost study [2] because extracting steam from cold reheat in 

the PWR has less impact on electric power production than removing steam from the main steam line, as 

assumed in the previous work. The previous work assumed that the reduction in electric power production 

was equal to the thermal power delivery to the HTEF divided by the thermal-to-electric conversion 

efficiency of the PWR, which would have corresponded to 8.5 MWe for the 100 MWnom HTEF case and 

35.7 MWe for 500 MWnom HTEF case. As noted in Table C-2, extracting 105 MW th from the main steam 

line caused the generator output to decrease by 37.9 MW. This result indicates extracting steam from the 

main steam line causes an additional loss of 15.4 MW from the generator, compared to extracting the 

needed steam from cold reheat. Extracting steam from the cold reheat reduces the operating costs of 

the thermal power dispatch system by approximately 40% in each case, compared to extracting 

steam from the main steam line. The lowest standardized cost of steam supply is associated with the 

500 MW nom HTEF case and is $8.46/MW hth, which exhibits a marked improvement compared to 

the estimate of $11.6/MWhth from [2].  For comparison, a simplified cost estimate was performed for a 

case in which steam is provided to the HTEF using an electric boiler. The estimated standardized cost 

of steam from an electric boiler was estimated to be greater than  

Table 14. Simplified total-cost summary for integration of nuclear and hydrogen plants (2022 U.S. 

dollars). 

 Steam from Cold Reheat 
Steam from 

Main Steam 

Parameter 

100 MW nom 500 MW nom 500 MWnom 

500 m 

separation 

250 m 

separation 
250 m 

separation 

250 m 

separation 
250 m 

separation 

Operating costs for  thermal power dispatch (does not include electric power coupling) 

NPP power reduction (MWe) 5.3 5.3 22.4 22.4 37.9 

20 Year lifetime operating cost 

($MM)  a 
26.5 26.5 112 112 189 

Capital and operating costs for thermal power dispatch 

20 Year lifetime total cost 

($MM)  
46.9 41.5 147 139 216 

Standardized (std.) costs for hydrogen production 

Std. cost of heat delivery 

($/MWh th) 
14.1 12.4 8.82 8.32 13.0 

Std. H2 production cost 

contribution ($/kg-H2) 
0.10 0.09 0.065 0.061 0.10 

a Assumes an electricity sales price of $30/MWhe. 
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$30/MWhth, which would contribute approximately $0.22 to the production cost of each kg of 

hydrogen. Thus, the potential savings from thermally integrating an HTEF to a PWR is 

approximately $0.16/kg-H2.  

As noted, costs estimated in this study are for a first-of-a-kind installation with high contingency 

budgets. Subsequent installations with similar designs may have substantially lower costs if 

contingency costs can be reduced. 

 

4.3.1 HTE via Electrical Only with Electric Steam Boiler  

For the purpose of reducing costs and modifications to the NPP, an additional case was considered 

where only electrical power is delivered from the NPP to the HTEF. The steam extraction and delivery 

system is replaced by an electrical boiler that converts deionized or demineralized water to 

high-temperature steam for use in the HTE process and provides the electrical power required for 

electrolysis. The initial costs associated with implementing this option are expected to be significantly 

lower due to the amount of mechanical equipment that will be eliminated. Additionally, the equipment 

listed in Table 14 would either move from the NPP to the HTEF or be removed from the design as 

described below. 

For the 100-MWnom scale, this option was found to incur a much-lower initial capital cost because the 

HSS equipment used to supply thermal energy from the NPP was not needed for this electric-only option. 

However, lower efficiency for the electric-only option would result in considerably higher operating 

costs, which more than offsets the reduced capital costs. This same behavior is observed for a 500-MWnom 

design. 

Table 15 also shows simplified costs associated with replacing the thermal power extraction and 

delivery system with an electric boiler located at the HTEF. The simplified analysis includes direct capital 

costs and annual inflation of 2%, but neglects financing and tax costs. The operating costs of the electric 

boiler are much higher than the capital cost, which means the standardized cost is approximately 

$25/MWhth for all cases, regardless of separation distance or HTEF nominal size. The standardized cost 

of operating the electric boiler could be reduced by approximately 10% by regenerative cooling of the 

product stream to preheated to feedwater entering the electric boiler to 250°F. For an exact comparison, 

sites will need to conduct a formal evaluation of the relative performance between an electric reboiler and 

a steam reboiler. 

Table 15. Equipment changes for electrical integration only. 

Equipment Required Description 

Reboiler Yes The lack of steam input from the plant through the use of an 

electric reboiler allows reboiler siting within the HTEF boundary. 

This allows for regenerative drain cooling. The electric reboiler 

is expected to be more expensive than its steam reboiler 

counterpart and will require more maintenance for long-term 

operation. 

Demineralized-Water 

Tank 

No The demineralized-water tank is intended to enable continued 

hydrogen production in the event the RO system is down for 

maintenance. For this reason, it is recommended that a tank be 

included and located within the HTEF boundary. Depending on 

the expected frequency of RO maintenance, it may be desirable 

to remove the tank. 
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Interface Piping 

between NPP and 

HTEF 

No In the absence of plant steam extraction, piping can be routed 

within the HTEF, from the RO system to the electric reboiler and 

subsequently the electrolyzers. This additionally reduces heat and 

pressure losses caused by pipe routing between the NPP and 

HTEF. 

Flow and Level 

Control Valves 

No No thermal-energy transfer will occur between the NPP and 

HTEF, removing any process control interface between the NPP 

and HTEF. 

 

4.4 Total Project Cost  

According to the study by Wendt, Knighton, and Boardman [2], expected costs for the construction 

cost of large-scale HTE facilities are discussed. Adjusted for inflation (2022 U.S. dollars), the baseline 

hydrogen facility balance-of-plant equipment was expected to cost approximately $650/kWe DC ($1/kWe 

DC is approximately equal to $1/kWnom for both designs considered in this report), with cost-reduction 

strategies enabling facility costs as low as $350/kWe DC. Slight increases in standardized cost were 

projected for facilities smaller than 250 MWe DC; hence, it is expected that the 100-MWnom design HTEF 

balance-of-plant equipment would be more expensive than the 500-MWnom balance-of-plant equipment. 

Total facility capital costs were projected to be between $750ï1,250/kWe DC for a 1,000 MWe DC 

hydrogen plant. Scaling these costs to the 100-MWnom and 500-MWnom designs, the total project costs are 

expected to be at the medium-to-high ends of that range. As with the balance-of-plant costs, the 

standardized total project cost of the 100-MWnom design is expected to be greater than the total project 

cost of the 500-MWnom design. This is further supported by the larger standardized integration costs for 

the 100-MWnom design (see Table 13). 

Based on the estimates of Section 4.3, integration costs are expected to comprise approximately 5ï

20% of the total project cost for a 100- and 500-MWnom facility, although these values can change 

considerably with different integration designs and site-specific conditions. Based on these estimates and 

the conclusions of Bloom Energy [6], it is expected that the addition of a 500-MWnom HTEF to an NPP 

similar to the reference plant used in this study will have a lower dollar-per-kilowatt-nominal cost than 

the addition of a 100-MWnom hydrogen plant to a similar NPP. 
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5. HYDROGEN PLANT CONSIDERATIONS 

5.1 Maximum Achievable Electrical Diversion from Power Plant  

An additional sensitivity analysis was performed to determine the maximum power that can be 

transmitted radially from the NPP to a nearby HTEF without impacting the stability of the NPP generator 

during a loss of load. The additional runs show that the HTEF load can be increased up to the maximum 

output power rating of the generator without causing the generator to become unstable following a trip of 

the high-voltage transmission line feeding the H2 plant, either with or without a fault. Note that this model 

is based on typical plant and transmission-system data, which may not be representative of the available 

capacity for all plants. 

5.2 Minimum Power Requirements for Hydrogen Facility  

To protect solid-oxide cells in the HTEF and prolong their lifespans, a hot-standby state should be 

used when electricity is diverted from the HTEF to the grid. During hot standby, the electrolyzers 

maintain steady-state temperature, but electrolysis temporarily halts. Sustaining hot standby requires a 

small but non-negligible portion of the thermal and electrical power used for electrolysis. This 

requirement depends on the specifications of the HTEF vendor. Alternatively, the solid-oxide cells may 

be allowed to cool; however, a small amount of electrical power and steam are consumed during the cool-

down process. Additionally, if freezing conditions exist, the HTEF components must be thoroughly dried 

or maintained at a temperature above freezing. 

The NPP is expected to supply these minimum demands during normal plant operation while also 

handling the transients associated with flexible operation of the HTEF. However, in the event of a faulted 

condition, a loss of offsite power or reactor shutdown (e.g., planned outage), a safe HTEF shutdown may 

be required. During unplanned events, one or more sources of emergency power (thermal and electrical) 

will be needed to ensure the electrolyzers are cooled without damage. The hydrogen vendor should work 

with the NPP to ensure the necessary emergency power is provided to the HTEF in the event of a loss of 

thermal or electrical power. 

5.3 Hydrogen -Facility Siting  

From a project cost perspective, minimizing the spacing between the NPP and HTEF is ideal, as 

shown in Section 4.3. Nevertheless, there are several limitations to the adjacent siting of the TB and the 

HTEF. The primary limitation is the explosion risk an HTEF presents to the safety-related systems, 

structures, and components of the NPP. Depending on the size of the HTEF and the extent of its 

protective measures, minimum-separation requirements between the HTEF and NPP can be determined 

by performing a hazard assessment. The size of the HTEF itself also poses limitations on siting. An HTEF 

is anticipated to require an area on the order of half an acre per megawatt-nominal. As a result, it is 

unlikely there will be sufficient space within the NPPôs protected area for siting of the facility. Existing 

pathways, plant structures, and topographic features inside of the OCA (but outside of the protected area) 

may further restrict the siting of the HTEF and increase the separation between plants. 
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5.4 Thermal  power  Extraction  

While cold reheat is preferable for this preconceptual design because it maximizes plant efficiency, 

there are several limitations. The first is pipe routing. Plants will need to find the space available to route 

new extraction piping through the TB, and structural modifications may be needed to support these 

additions. Of similar or greater importance are the effects of extraction on the main turbines. For the 

500-MWnom design, a 6-psi pressure reduction is observed at the discharge of the HP turbine relative to no 

thermal extraction. This reduction in mass flow downstream of the HP turbine is expected to be within the 

design margins of the equipment. However, with large degrees of cold-reheat extraction, there is a 

potential for turbines to operate outside of their intended design capabilities; plants should work with 

original-equipment manufacturers to ensure the turbines can perform in accordance with their design 

specifications. Turbines should be evaluated for shaft imbalance, blade loading, and thrust verification. 

Additional modifications can be implemented to ensure turbines operate within their intended design 

capabilities. One such modification would be the installation of a control valve downstream of extraction 

to maintain upstream pressures (at the HP turbine discharge). Alternatively, some plants already perform 

cold-reheat extraction for equipment such as feedwater heaters. If the turbines are unable to handle 

extraction for HTE, other extraction flows can be reduced or taken out of service to reduce turbine 

imbalances. These changes would reduce plant efficiency, but may still be the optimal solution for safe 

operation from cost and efficiency standpoints. To eliminate turbine stability concerns, extraction steam 

could be drawn from main steam; Section 3.1.5.3 discusses the benefits and drawbacks of extraction from 

main steam as opposed to cold reheat. 
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6. CONCLUSIONS 

This study develops a preconceptual design for the integration between a large-scale HTEF and an 

NPP. Two hydrogen-facility sizes are considered: 100 MWnom and 500 MWnom. Both steam-supply 

designs use cold-reheat steam extraction as a heat source. A reboiler inside the protected area of the 

power plant transfers steam heat to the demineralized-water supply for the hydrogen plant. After heat 

transfer, the extracted steam condenses and returns to the condenser while the process steam routes out of 

the protected area to the electrolyzers. Electrical power is tapped off from the high-voltage side of the 

GSU transformer, where it is then transported via a 345-kV transmission line to the hydrogen facility. 

Circuit breakers and disconnects are located at both ends of the transmission line. Step-down transformers 

and miscellaneous switchgear/buses are located at the end of the transmission line inside the HTEF 

boundary. Control capabilities for the steam-interfacing equipment and electrical dispatch are accessible 

from the main control room, and protective relays for the transmission line are located inside the relay 

room. 

Computer modeling was performed for the thermal and electrical designs. PEPSE analysis provided 

the steady-state parameters for thermal extraction from the turbine cycle. These parameters were used to 

inform transients and size equipment in combination with AFT Arrow and AFT Fathom modeling for 

steam and water piping, respectively. Electrical transients were analyzed using PSCAD. An ETAP model 

was used to evaluate power flow and short circuit, which enabled the sizing of transformers and 

protective equipment. 

A cost estimate was developed for both integration designs when considering plant-separation 

distances of 250 m and 500 m. From these estimates, the modifications for thermal and electrical 

interfacing of a first-of-a-kind nuclear-integrated hydrogen facility are anticipated to cost between $60 

and 250/kWnom. With a total project cost in the range of $750ï1,250/kWnom [7], integration costs account 

for up to 20% of the total project cost. The standardized cost of heat supplied from the NPP was found to 

range from approximately $8.5/MWhth to $14/MWhth. The estimated standardized cost of steam from an 

electric boiler was estimated to be greater than $30/MWhth, which would contribute approximately $0.22 

to the production cost of each kg of hydrogen. Thus, the potential savings from thermally integrating 

an HTEF to a PWR is approximately $0.16/kg-H2. Standardized integration costs were shown to 

decrease with larger hydrogen facilities and reduced separation distances. 

Nuclear steam extraction can provide a profit avenue for many plants and is not restricted to hydrogen 

production. Ammonia production, oil refining, and paper production, among other industrial processes, 

require thermal energy that can be provided by NPPs. Future work should look at the details of thermal 

extraction for a variety of use cases. This can include increased levels of extraction and multiple 

simultaneous users. Additionally, site-specific studies should be performed to develop industry 

experience and improve cost accuracy. 
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Appendix A: Process and Instrumentation Diagrams 

 

Figure A-1. 100 MWnom P&ID. 
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Figure A-2. 500 MWnom P&ID. 


























































































































